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Introduction 

Electronics Technology 

During the period from 1925 to 1975, the Bell Laboratories effort devoted 
to electronics technology was shaped by its being an inteual part of the 
overall Bell Laboratories effort, the ultimate purpose of which was the 
design and development of communications systems. Scientists and en­
gineers in electrical and electronics device groups developed a dear sense 
of mission and an understanding of opportunities and unfulfilled system 
needs through dose interaction with groups in basic research on the one 
hand and groups in systems development on the other. As a consequence, 
new devices and components again and again made possible new systems. 
To give just a few examples, transistors led the way to modem computers, 
quartz crystal filters and frequency control helped push transmission sys­
tems to ever-higher capacities, and work on lasers led to a new family of 
optical transmission systems. 

Dominating this volume of the History of Engineering and Science 111 !he 
Bell System is the story of the transistor and its remarkable progeny. silicon 
integrated circuits (SICs). By 1960, we had about a decade oi expenence 
with the transistor, and it had found a wide variety of applications in 
switching, transmission, station apparatus, and power systems. But the 
explosive growth of the SIC had only begun. From 1960 to 1975, the 
number of in terconnected components on a silicon chip doubled every 
year-a factor of one thousand per decade-with corresponding spectacular 
improvements in cost, size, performance, power consumption, and reli­
ability. Such prolonged exponential growth was unprecedented. and led 
to the birth of entire new industries. Since the mid-1970s, growth in the 
number of interconnected components per chip has slowed to perhaps a 
factor of one hundred per decade, still enough to keep the industry in 
turmoil. 

Many of the technological innovations making transistors and integrated 
circuits possible have come from Bell Laboratories. A few of the major 
ones are zone refining, diffusion, oxide masking, epitaxial deposition, o>.ide 
protection, photolithography, thermocompression bonding, ion implan­
tation, metal-oxide-semiconductor technology. and the self-aligned silicon 
gate structure. The story of these and other developments, as told in this 

xi 
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book. is unique in many ways. not the least in the vigorous effort put into 
educating rival companies in the art and science or the new field or semi­
conductors during the format;ve years or the transistor. One wonders ir 
we 1vill e\'er .lga1n St'e such an 1ntenndustry cuoperahve effort voluntarily 
undertalen in the private sector. 

For the period covered by this history, the capabilities and limitations 
or communications systems stemmed from the capabiliues and limitations 
or active devices. Transistors, SICs, and diode lasers have especially dom­
inated the last 25 years. One must nut forget, however, that a very so­
ph15hcated and po1verru1 technology based on the electron tube existed 
befor" 1947. when the transistor was invented at Bell Laboratories . Electron 
tubes "'ere used with great versatility for a large number of applications: 
as transmitters and amplifiers, rectifiers. visual indicators, and for displays. 
Those old enough to remember how orten we had to change electron 
tubes in home radio receivers will be imp~d to learn that the 6~ 
~nsatlanuc. cable laid m 1956 was removed from service arter 22 years. 
and not one or its 306 tubes had t:'ver malfunctioned. In addition to~ 

\ undersea application, electron tubes were used underground, in aircraft, 
and in space, as well as m more normal environments. In view of the 
inherent problems associated with hot ca thodes, vacuum envelopes, and 
sizable power requirements, the achievements were remarkable. Indeed, 
electron tubes m the form of cathode ray tubes. klystrons. Jnd traveling 
wave tubes are still very much a p.art or the contemporary scene . 

Nothing can compete with the exponentia l growth in capabilities of 
SICs, but in recent yt>ars. optical devices have come closest. Most of their 
growth has occurred in the decade following 1975 and hence is beyond 
the period covert>d by this h1~tory But the pioneering developments de­
smbed here laid the foundation for explosive progress. for which the diode 
laser was a key element. In conjunction with increasingly sensihve optical 
detectors and ever-lower losses m the intervening fiber, the product of 
<"apaaty times distance (megabits per second times kilometers) has already 
bt.>en doubling every year fur many years, and it looks as if this progress 
will conhnue The true potential has so far hardly been tapped, especially 
since work on monolithic integrated optoelectromcs is still in its infancy_ 
If past l'Xpenence with SIC technology is an indication, one would expect 
integrall'<I photcmics to U5her ma new era of capability and cost effectiveness 
in the application of light waves to the communications needs of society 

Another active device- the electtromagnellc relay-has played a large 
role in tho.' tl'Chnology of communications for many years. After early 
dirt'Ct ·dMI ~y~tem~ ba>ed on tht' step-by-step S"'itch, memory, logic, and 
control funchons were mcreasrngly incorpurated m relay form into many 
gc1wrallons or panel and crossbar telephone switching systems. Today, 
mo"l logic runchuns art' re.1lized in &ilicon, but reed contacts are still used 
in la'l\e numbers for the t~ll.mi:·path circuits in t'lectronicswitching systems. 
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Furthermore, relay:s continue to play an important role in the per-line 
circuits used to interface telephone lines with central offices. 

Throughout the period covered by this book. active devices have been 
the more glamorous, since they tended to pace system performance. Such 
devices, however, must be complemented with passh·e components of 
high performance and quality. Thus, considerable effort was devoted to 
passive components, including magnetic devices. quartz crysta ls and other 
piezoelectric devices, resistors and capacitors, and tantalum fi lm circuits. 

While transistors had a major impact on the development of digital 
computers starting in the first half of the 1950s, it was only around 1970 
that integrated circuits could perform the memory function economically. 
In the interim, computer memories relied primarily on magnettc devices. 
Bell Laboratories contribu ted its share to a variety of magnetic memories 
that made the early application of stored program control to telephone 
switching possible. Another contribution to magnetic technology is the 
magnetic bubble, which supports large serial memories, all solid state and 
nonvolatile. 

Quartz resonators were first used in filters for frequency-division mul­
tiplexed telephone :systems. During World War II, the requisite technical 
and manufacturing information was shared with some fifty other com· 
panies, and led lo the creation of the quartz crystal industry. Subsequently, 
considerable progress was made towards functional devices-pnmarily 
the monolithic crystal filter. instead of complex quartz structures, howev~r. 
we tend today to transfer the complexity to silicon circui~s. leaving quart? 
once again to its traditional function as a simple oscillator that provides 
a precision frequency reference. 

Work on capacilors and resistors had its origin in the early days of 
telephon)'. These traditional components benefited greatly from tht> in­
troduction of new material systems and technologies leading to significant!)• 
improved stability and to much reduced size. 

Starting in the early 1960s, tantalum film circuit technology grew out 
of the effort on capacitors and resistors to became a natural complement 
to SIC technology. Tantalum films provide resistors and capacitor~ of a 
precision beyond the capability of silicon. The ceramic substrate can be 
batch fobricated with the precision film components, as well as the m· 
terconnection paths, to which SICs are to be applied, leading to a high 
degree of integration ,11 the system level . It was widely predicted that 
tantalum film circuits would rapidly decline as a result of the increasing 
role of digital electronics, but this prediction has tt,mwd lll•l tQ l;>e an 
lWCrsta tement. 

This broad range of efforts was made possible by !Bell Laboratones 
having been an integral part of the large, financially s trong telecommu­
nications entity known as the Bell System. AT&T's top officers encouraged 
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a long-range outlool. and were able to provide for continuity o f funding. 
1 hese \\'ere cnt1cal ingredients to the sustained success. 

The sen~ce onentation of AT&T led to an emphasis more on life-cycle 
costs than on first costs-an emphasis that in tum led to very hig h d evice 
reliability. There was a great reluctance to commit any de vice to service 
until 11 was fullv understood. The search for this knowledge, however, 
had to be pursued with an eye to schedules, since the belief tha t the n ot­
undeIStood L> no1 fit to be deployed can lead to missed opp ortunities in 
the marl.etplace 

nus en\'lronment-pushing for the ultimate in performance w h ile si­
multaneously assunng \'ery high reliability-explains the d eeply ingra in ed 
credo that susta1.11ed success depends on searching for, and ga ining, fu n­
damental understanding This stubborn quest was the root of many in­
nO\'abons. such as the transistor and other semiconductor-based d evices 
that depended on a detailed understanding nf dPvice physics and its relation 
to the structure of crystals and the energy states of their electro ns. 

AT&T IS no" ma new age of competitive pressures a nd oppo rtuni ties 
m which an 1111portant element of our future performance will be how 
well we can capitalize on the strengths that made Bell Labora tories great. 
Perhaps lustory does not help very much with our day-to-day problems, 
but we should be wiser for knowing something about our pred ecessors 
and what they did. since continuing and reinforcing the best features of 
our hentage should help us in new marketplaces. 

K. D. Bowers 
January 28, I 985 

.. 



Chapter 1 

The Transistor 

The search for solid-state amplification led to the i11ve11tio11 of the transistor. 
It was immediately recognized that major efforts would be needed to r111dersta11d 
tra11sistor phenomena and to bring a developed semiconductor technology to 
the marketplace. There followed a period of intense research and development, 
during which many problems of device design and fabrication, impurity control, 
reliability, cost, and 111a11ufacturability were solved. An electronics revolution 
resulted, usheri11g in the era of transistor radios and economic digital computers, 
along with telecommunications systems that had greatly improved performance 
and tlrat were lower in cost. The revolution caused by the transistor also laid 
tire foundatio11 for the next stage of electronics technology-that of silicowi 
integrated circuits, which promised to make available to a mass market i11fi11itely 
more complex memory and logic functions that could be organized with tire 
aid of software into powerful communications systems. 

I. INVENTION OF THE TRANSISTOR 

1.1 Research Leading to the Invention 

As World War II was drawing to an end, the research management of 
Bell Laboratories. led by then Vice President M. J. Kelly (later president 
of Bell Laboratories), was formulating plans for organizing its postwar 
basic research activities. Solid-state physics, physical electronics, and mi­
crowave high-frequency physics were especially to be emphasized. Within 
the solid-state domain, the decision was made to commit major research 
talent to semiconductors. The purpose of this research activity, according 
to an internal document authorizing the funding of the work, was to obtain 
"new knowledge that can be used in fhe development of completely new 
and improved components . . . of communication systems." Kelly was 
convinced that advances in the communications art, leading to new, better, 

Principal author: J. A. Hombl'ck 
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and cheaper sen"lces, were doselv bed to advances m the understanding 
of rnatenals (e g. conductors. semiconductors, dielectncs, and insulators) 
and of components (e g., ,·acuum, piezoelectric, and magnetic) from which 
commurucabons S)'Sterns are assembled 

In succttding months. an able group of scientists and techniaans was 
~bled b) Kelly, assisted b'· I B Fisk, both from "~thm Bell Laboratones 
and bv recruitment from outside, under the coleadership of W. Shockley 
and 5 0 Morgan. in the Physical Research area 

An unportant deas1on of the semiconductor group m January 1946 was 
to fOCU5 its attention on the two s1mpk'St semiconductor materials, crystals 
of ~11Jcon and germanium, and to ignore then technologically irnporhnt 
m.1ten.ll.s >uch as selenium, with its imperfect atoiruc arrangements, and 
compounds such as copper oiode The basis for this decision was two­
fold Fir.t. at Bell Laboratone!i pnor to 1945 j H Scaff, H. C. Theuerer, 
o.nd E E Schumacher had expenence with these materials in the preparation 
and di~o•ery of p-n 1uncbons m sihcon, 1 and dunng the war, Scaff and 
R 5 Ohl df.'veloped cryst.il rectlfiers for radar applJcation.2 Second, there 
had bl't'fl e>.tens1ve wartime re!.l'arch and development in crystal rechfiers 
at thl· R.idtat1un Laboratory of the Mas!Mlchusetts Institute of Technology 
(MIT) and at other laboraton~ in the United States and England. The 
n:ar.on for the deas1on '"as the d~1re to improve opportunities, as research 
pruitrl">sed, to link thl'ory and e>.penment Exploitation of thjs linkage 
n-qu1rl!d nut only materials more amenable to physical calculation, like 
tlw dt'mt'ntarv ~miconductor.., but also the existence of in-house laboratory 
c~pcruse in the pr<'paratJon, formulation, punfication. and control of these 
m.itl!nals Thl5 ..xper11Se was already present, or could be readily developed, 
in th<: ch .. m1cal and metallurgical labora tones 

The twu dl'OS1uns mentioned atKJ\'e-the choice of semiconductors as 
a pnmary 6eld of rl'St'arch and the choice of silicon and germanium as 
matcnals within the field on which to conc .. ntratl'-"'ere almost necesSMy 
prcrl-qu1s1tes to the earl\ di~overy of sohd·slate amplificabon. A third 
fanvr in the dtSCO\ety process was a challenging proposal advanced by 
ShuclJ"' that guided the d1~hon thl' r~earch took. the cho1cf'~ nf ?X· 

pt>nmt'nb. and the line of thmkm11 and no doubt thereby significantly 
shurh•nlod the 11me required for the invention to take place.> Shockley's 
~u~tanll\ e challenge was a straightforward quantitative calculation baS<.>d 
vn a Mntphffod physical model uf a semiconductor. He showed that an 
ntemal l'l«tric field applied at the surface of a thin germanium slab \by 
making the slab one plate of a capacitor, for example) should create ;i 
'pace ch.uge layer within the volume of the semiconductor, thus altl'nng 
(modulaung el«trorucally) the conductance of the slab (Fig I· I) Further, 
If tht g,·rmamum slab in the capaotor configuration was connected in 
-.cnl'l. 1<11h a load and an elltemal battery, Shockley conduded that an 
~ppr.'Ciabll' f><>"er gam frum lhl' ~ll>ctnc·fil'ld-modulated conduch~1ty 
'hould result. pr0\1ded there were no losSl>s in the d1electnc through which 
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the external field is applied.• To Shockley and others in the group. th<>se 
calculations represented an existence theorem that field-effeclamplifkation 
was possible in semiconductors. By stating the goal of sohd-stale ampli­
fication in such understandabl11 and concrete terms. the grnup lead~r..hip 
provided a focus that both quickened the pace of semiconductor research 
and enhanced its productivity. Within a remarkably ~horl 1une- t1,•o 
years- the trJnsistor discovery took place. 

The field -effect cxperimt:!nt nt Bell Lllboratorit>S \\\IS tru:d in mam· \\'J\'S 

and the results were disappvinling. Negligible chJnges m nmduclance 
were produced, so it became obvious that there \\'Jl> a ma1or dbcrl'pancy 
between theory and rea lity for the field cffoc.-t. 

To explain this discrepancy, j . Bardt'cn prop11sed thal not all th,· fi~ld-

• 1·hc ba:,,lt; ~Vl1(\.'pl of ol ficl\t ·cf(\.'Ct tr.:in~l!iolUf ,lnd lhl' lnlrurt,tO\'.\' Vf 41\ J~h\l' "'!Jhd \tolh.• 

c1rcu1t t.•l ... ·n1cnt und<lUbh.•dly '-lCrurrOO hi n':Jny '''or~1.1rs 1n th.: l'.trl\' J.a~·.; ,,f !J,,JtJ ~l.Jh" ph\'J'-~ 
In p.11tacuh1r. ,1 1935 p.lt\.'l\t • <4hl''''' •' tttn1ctur.: \'Cr\' +.1n11l.1r h~ Shlxkll')'\ t\)n1.,•r1 t.>th~t 
p.ltcnt 11ppli<\lti(•ni:. d11t"' b.1.:k tn th~ 1920~.' but •'rf"n:n1l,· Jtl olllcmr1 ... h~ n•.-1t1,• th'-'''' 
concept .. \Y\.'rc futH"" 

• 
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induced charge was free to participate in changing the slab conductance.• 
Rather, he theonzed. a portion was immobile, tightly bound in energy 
states localized at the semiconductor surface. A low density of surface 
states, many times less than one per surface atom, would be sufficient to 
shield the interior of the semiconductor from even a large field applied 
to the surface Even with improvements in technique, later experimental 
results by Shockley and G. L. Pearson suggested that 90 percent or more 
of the induced charge went into surface states! These results, however, 
were significant m that they did show a finite field effect of the proper 
sign and that the conductivity change was proportional to the ap­
plied field. 

Bardeen's theory prompted the group to initiate experiments on the 
surf ace properties of semtconductors to verify the predictions of the theory. 
One of these predictions indicated that a double charge layer existed at 
the free surface of a semiconductor, a property of the semiconductor in­
dependent of any contact. The theory was generally confirmed, and it 
explained an assortment of apparently unrelated experimental facts about 
setruconductor surfaces, e.g .. the insensitivity of rectification characteristics 
between germanium and metal contacts to the difference in contact po· 
tenllal between metals. As Brattain explained it, "Further experiments 
along these lines (designed to change the surface potential) led to the use 
of an electrolyte to bias the surface, and it was during the course of this 
work by J. Bardeen and W. H. Brattain" that the point-contact transistor 
was bom ~" 0 

Mure specifically, in late 1947, at the suggestion of R. B. Gibney, Brattain 
applied an electrolyte, actually a strange-looking chemical materia l (glycol 
borate) commonly called Gu, to the surface of a single crystal of germanium 
to which some wires and meters were attached. When he applied a voltage 
to the Gu- to cause a strong electric field at the su rface-he found that 
the current flow between a metal contact and the germanium was affected. 
Working with Bardeen, he then replaced the Gu, first with an evapora ted 
gold spot and a nearby reverse-biased point contact, next by two gold Hne 
contacts made by cementing a single ribbon of gold foil over the sharp 
edge of an insulating plastic wedge and cutting the foil with a razor blade 
along the sharp edge. In each case, forward biasing the one contact increased 
the reverse current m the other contact. On December 16, 1947, he spaced 
the two contacts about 4 mils apart and observed a small power gain­
the phenomenon now known as transistor action or the transistor effect. 
Figure I· 2 shows the original transistor structure. Figure 1-3 is a repro­
duction of a page from Brattain's lab notebook recording the power gain 
and the birth of the transistor.10 

Arrangements were made to demonstrate the new effect to Bell Lab­
oratories offiaals. During the following week, H. R. Moore and Brattain 
assembled the semiconductor device and other components to form an 
audio amplifier. On the afternoon of December 23, this arrangement am· 

.J 
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Fig. 1 ·2. Th~ ong1n.al poin1-con~c1 1rat\iuJor suuctutt .. tn • 

vented in 1947 

s 

plifymg speech-a power gain of 18 hmes-" as demonstrated by Brattain 
and Moore to R. Bown, director of Research, H Fletcher, director of Phn1cal 
Research, Shockley, Bardeen, Pearson. and Gibney 11 [Fig. 1-4) lntngul-d. 
Fletcher asked. " '1-Vill it oscillate?" Osollation was an unambiguous proof 
of the existence of po"·er gain It did' The arrangement was operated as 
an oscillator the next day, Christmas E\e of 1947, and management wa~ 
convinced that something really significant had been disro•ered 

The initial interpretation was based on Bardeen s lheory of surface states 
as holes• flowing from the gold point into a p·type (inversion) layer on 

• A hol• i~ • the<>rctkal abstraction that <m<fStod frum the bond lh<"OI) of solids. Nj;Jnrun~ 
w11h the work or A H. Wilson in 1931 II rt'pres<'nb the rolltt11\0 •coon produ~ bl' th< 
removal o( an clo>ctron from the fill«f valenct'·band Struct\Ut of• ~-.al. a drliCU 111 R<'ptl\t 

charge thu• behaving as a posltl\tly chll'gtd holr E>pmmmtolll'. 11 should MN'< l<l< • 

Ir,'<! single posmve t<hui;e Mlh 1!1. 01111 tff«111~ m.1o.s (dllll'fl'lll from lluJ oi 1 frrt •"-" 
tr on) In s.1hcon or S,ft'm.truum. '' t•L conc,·ntr~o~ 1.1f ~pt'<'W chfom.aul unpunun. <4'U~ 
ele<tncat conducb•~t) b)" produnng 11.>i.,,. \\h1k d1h•~<nl impun- produ« dn.v.in. f.ir 
the former ca~ .. th~ cu:rnnt earners .J.tt p.~tl\,· .ind tht' cunduC'b,,n ~ ulJc.d p-npr m 
rontra>1 to the negab,·e n·t)"I"' for tht cl«tnmu"' \;nd,,r.ttndin~of ~ f>ct> h>J dn.·lor<J 
dunng \\'.lrt1m(I' research on cr)-Sti11 dt1n-i''" 
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the 8urfocc of the n-type gennanium, and along the surface layer to the 
second pumt contact, thus increasing the reverse current of the contact. 

Observation of the tr~nsi~tor effect led almost simultaneously to the 
\lUl~tlon~: Is the initial intl'rpr1?t.ition correct? How does one l.'Xplaln It in 
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detail? The responses to these questions by individuals in the rt'!>earch 
group and others at Bell Laboratories led in the followini; month:. and 
years to a new understanding of semiconductor ph~nom~nJ thcr<'b)' cre­
ating the field of research and devdopment we call today tUn>t>tor di!<'.· 
Ironies. 
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The crea11,·e basis of the new understanding was lhe formulation by 
Shockley of his p·n junction theory, conceptually elegant in its recognition 
of the central role played by minority carrier injection at p · n junctions 
and in body transport phenomena. Using his new concepts, which were 
developed while he was trying to design experiments to determine the 
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mechanisms of the trans15tor effect, Shod.Icy immediately in,·ented the 
p-n 1unction transistor in which minority earners (holes), tnJecled by the 
forward current of a p -n 1unction, flow through the body of n-type 
germanium and are collected at an n-p junction. 12 13 Figure 1-5 is a rt?­
production of two pages of Shockley's Jab notebook entry dated January 
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23, 19,;8, in which the junction transistor (nee the semiconductor valve) 
is desaibed. Confumation and general acceptance of the new understanding 
took more than .a year. 

The Bardeen-Brattain experiments of 1947 and early 1948 continued 
to suggest to them that, for the point-con tact transistor, the hole flow from 
errutter to coUector took place in a surface layer.9•14 Surface s tates played 
an essential role on their theory of the hole-emission process. 

ln early February 1948, j . N. Shive obtained evidenct- for point-contact 
transistor action taking place through the body of the semiconductor." 
Shive·s "double-surface" point-contact transistor was prepared with two 
phosphor-bronze cat whiskers, emitter and collector. connected to opposite 
sides of a t1un slab (0.01 cm) of germanium. This configuration a nd the 
respectable power gain he realized are recorded in Fig. 1-6, a reproduction 
of his laboratory notebook dated February 13. 1948. (!Note that toward 
the botto!ll of the page he refers to Brattain's "surface states" effect.) The 
long surface path between emitter and collector of th e double-surface 
transistor ruled out a surface conduction layer as a reasonable purveyor 
of the transistor action; Sluve concluded that a body (volume) effect was 
involved. Shockley immediately proposed an explanation of the experiment 
using the concepts of his junction transistor invention made 26 days earlier: 
penetration of excess holes from the metal e.mitter point into the body of 
the n·type germanium (hole injection); and diffusion of a thin stream of 
excess minority carriers, embedded in an ocean of majority carriers (elec­
trons), across the slab into the electric field at the collector point, where 
they were "collected" as increased collector current." 

ln the six months following the discovery of the transistor, not enough 
expenments had been performed to explain definitively the true nature 
of po1n1-contact transistor action-whether it was essentially a volume 
effect, or whelh!!r, JS proposed later by Bardeen and Braltain, when two 
point contacts are placed dose together on a properly oonditioned plane 
surface of germanium, holes may Row either in a surface layer or through 
the intenor of the germanium.'' 

The technological importance of the transistor discoveries, however, 
had become much dearer. The performance of the point-contact transistor 
had improved remarkably. Specifically, W. C . Pfann had modified the 
Wei.tern Electnc IN26 shielded point-contact (silicon) diode to include 
two spnng-loaded cat whisker point contacts, making a three-electrode 
configuration with good electrical amplifying properties. This configuration 
became known a~ the Type A transistor. The promise for the future was 
bnght both for 11 and for other devices, yet to be constructed, based on 
Shockley's formulahon of p·n junction theory and two-carrier transport 
ph~nomena. The three inventors, subsequently winners o f the> 1956 Nobel 
pn.te an physi(), are shown together In Fig. 1-7. 
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Fig 1-6, Pose 30 from J N .Shive'> m>hibook. d•tod Febrmry 13, 194S hl> <>p<r1mrnl 
!tuggestL"<i ,, vo1un'e erf("Ct r.lthcr thlln surf11ce conduroon 

1.2 Public Announ cement 

From the earliest days. weighty nontechnical questions concerning dis­
closur"' fac"'d Bell Laboratories management. Who at Bell Laboratones 
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ftg 1 · 7 Thl'" thu.'\' IR\t•nlOb o( tht• tr.inststor (h~ft long.ht) \.\I' Shocklt>y. \\' H ar .. tt.SJn . 
.ind I Bud\"\'n 

should learn o( the di;rovery> \'.'hen to make a pubhc announcement' 
\\'hat to do about publication and adequate patent protection? These ques· 
llum could be an>\\l'r"'1 sen.1bl)•. 1t wa~ deoded. only after more "as 
known about the ne" de,1ce and irs unphcations Public announcement 
should be deferred, 11 was deeded, unhl the soenusts felt they understood 
the de\1Ce better and could give other soent1sts enough information to 
enable them to reproduce the work. Also, patent applications had to be 
filed tu protect the interests of the shareowners 

A> n turned out, th~ act1v1hes required some six months, and pubhc 
d&losure tuol. place bv means of several carefully orchestrated acllons 
1n June 1948. The patent application for the point-contact transistor was 
6Jed on June 17 b~ Bardeen and Brattain The tr;ansistor was disclosed to 
a meellng of the technJCal staff m the research area m the Bell Laboratones 
auditonum al Muruy Hill, New Jersey on junl' 22 Th~ follo¥.1ng day, a 
d&losur" was made to the military, the National M1lnary Establlshnwnl 
(later, the Departmen1 of Defense) havmg concurr<>d wilh a Bell Laboralom.'S 
rl'Commendabon thal the transistor be unclassiRt'<I On June 25, the first 
scienbfic pubhcat1un~. m the form of three le11crs lo the edilor were sent 
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to the Pllysical Rtvit'W, where they were published in the July 15. 1948 
issue These letters were entitled, respectively. "The TranstStor. a Semi 
conductor Triode" by Bardeen and Brattain;• "Nature of the Forward Cur· 
rt!n l in Germanium Point Contacts" by Brattain and Bardeen;" and 
"Modulation of Conductance of Thin Films of Semiconductors by Surface 
Charges" by Shockley and Pearson.' The two Bardeen-Brattain lctt<'rs 
espouse the surface-effect interpretation of transistor action. On June 26, 
Shockley filed his 1unchon transistor patent application, and finally on 
June 30, the trans1Stor was d emonstrated to the press in the Bell l.aboratones 
aud1to num a t the West Street location in New York City, at wluch time 
Bown exhibited Type A transistors with respt.'Ctable performance Po1ver 
output was 50 mil11watts (mW), frequency responi.e went to 10 m.-gahertz 
(MHz.), and power gain was 100 times. Voice frequency and TV \'1deo 
signal amplification were demonstrated, as 1vas a superheterodrne radio 
conta1ning only semiconductor elements. Significant progress had bt.oen 
made in six months Figurl' I ·8 IS a photograph taken of the press con 
ference 

The conference, while well attended, generated httle attention in the 
pubhc press. Tiii' Nro.• York T1mts included 11 with othl'r items in a column 

I 1~ 1 ·H Th~ Jun~ 10, IQ48 f'I\~~ ron(Ht'nce dtm41f\\lr-'t1nA lhf' 11.an,1'1~ l<-1 lh'° rut.II< 
It lk•\\" J1n,,"\-IU1 of ''"''.trch_ ;1Jdrt~ the tuJJ,·nt,• 1n tht· •uJ11,"'um ,it 1ht:> 8rll l4~ 
,,,,.l\)nc.-. (.ic.·1h1)· un \\'M\ "trn·t an 1'n' 'c..~rl. Ctt\ 
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Fig 1-7 The three inventors of the transistor (left to right): W . Shockley. W . H . Brattain. 
and J Bardeen. 

should learn of the discovery? When to make a public announcement? 
What to do about publication and adequate patent p rotection? These ques­
tions could be answered sensibly, it was decided, only after more was 
known about the new device and its implicatjons. P u blic announcement 
should be deferred, it was decided, until the scientists felt they understood 
the device better and cou ld give other scientists enough info rmatjon to 
e nable them to reproduce the work. Also, patent applications h ad to be 
.filed to protect the interests of the shareo wners. 

As it turned out. these activities required some six months, and public 
d isclosure took place by means of severaJ carefully orchestra ted actions 
in June 1948. The patent application for the point-contac t tra nsis tor was 
fil ed on June 17 by Bardeen and Brattain . The transis to r was disclosed to 
a meeting of the technical s taff in the research area in the Be ll Labo ratories 
auditorium at Murray Hill, New Jersey on June 22 . The following day, a 
d i&closure was made to th e military, the Natjonal Military Establishment 
(later, the Department of Defense) having concurred with a Bell Laboratories 
recommendation lhat the transis tor be unclassified. On June 25, the firs t 
~cientific publications, in the form of three letters to the editor were sent 
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to the Physical Review, where they were published in the July 15, 1948 
issue. These letters were entitled, respectively, "The Transistor, a Semi­
conductor Triode" by Bardeen and Brattain;8 "Nature of the Forward Cur­
rent in Germanium Point Contacts" by Brattain and Bardeen;14 and 
"Modulation of Conductance of Thin Films of Semiconductors by Surface 
Charges" by Shockley and Pearson.7 The two Bardeen-Brattain letters 
ei.pouse the surface-effect interpretation of transistor action. On June 26, 
Shockley filed his junction transistor patent application, and finally, on 
June 30, the transistor was demonstrated to the press in the Bell Laboratories 
auditorium at the West Street location in New York City, at which time 
Bown exhibited Type A transistors with respectable performance. Power 
output was 50 milliwatts (mW), frequency response went to 10 megahertz 
(MHz), and power gain was 100 times. Voice frequency and TV video 
signal amplification were demonstrated, as was a superheterodyne radio 
containing only semiconductor elements. Significant progress had been 
made in six months. Figure 1-8 is a photograph taken of the press con­
ference. 

The conference, while well attended, generated little attention in the 
public press. The New York Times included it with other items in a column 

Fag. 1-8. The June 30, 1948 press conference demonstro1ing lhc transisior tu lhc public 
R Bown, director of research, addresses the audienct- m lhe aud11onum of lh~ Bell Lab­
oratoncs facility on West Strccl in New Yori-. City. 
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devoted to events m radio. The Nroi York Htrald Tribune carried an article. 
The reporter, wlule noting engineers were predicting a minor revolution 
m the electrorucs industry. went on to say: "However, aside from the fact 
that a transistor radio works instantly without waiting to warm up. company 
experts agreed that the spectacular aspects of the device are more technical 
than populM •. ,, 

From the start, as the Htrald Tribunt lmplied, the transistor was faced 
with intense, 1n1bally overwhelnung. competition from the centerpiece of 
electrorucs, the electron tube. The thermionic vacuum tube, or electron 
tube, beguuung with L. de Forest's audion, had become the base of a 
vigorous industry, creating the first electronics era. This era was marked 
by a greatly expanded communications capability: trarlScontinental tele­
phony tn 1914, and television transmitted between Washington, D. C. 
and New York City m 1928. It was also marked by the advent of consumer 
electrorucs, wluch offered a radio to every home. Further, more recent 
!ugh- frequency developments, notably klystrons. traveling wave tubes, 
and the dose-spaced tnode, had made possible radio relay systems. home 
television, and vanous radar applications, such as navigational aids. (A 
more detaJJed discussion of Bell laboratories contributions to tube de­
velopment appears m Chapter 3.) When the transistor was discovered, in 
the public's opinion, electronics technology was mature, sophisticated, 
weU understood, and complete. 

The trade press. on the other hand, had more vision. For example, the 
September 1948 issue of EltclTonrcs magaune made the trarlS1stor its cover 
story The accompanying article stated: "Because of its unique properties, 
the TranslStor lS desbned to have far-reaching effects on the technology 
of electrorucs and will undoubtedly replace conventional electron tubes 
tn a wide range of applications."" And Indeed, the transistor very soon 
found speoal applications, such as in hearing aids, and in time, the transistor 
was to become the dominant factor in electronics technology. 

lrutiaUy, what did the translStor have m its favor? The transistor offered 
much lower power consumption and, m addition, miniaturization Since 
no inherent wear-out mecharusm, such as that associated with therrnioruc 
enuss1on from the hot cathode of a vacuum tube, was perceived in the 
transistor. 1t was set>n to offer the promise of indefinite service life. High 
reliability was also hoped for because it was solid state-no cathode de­
struction due to a leaky vacuum, for example. But more specifically, to 
displace the vacuum tube, the translSlor had to be able to compete on the 
bases of cost and/or performance, and its performance initially was severely 
restricted As 1t turned out, for the transistor to compete broadly, mastery 
had to be aclueved of both the physics of transistor action and the subtle, 
complex art of processing the sell\lconductors, imtially germanium and 
then s1hcon As the tl>chnology of transiJ>tor electronics matured through 
breakthroughs 1n these two areas, lower cost, higher performance, and 
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better reliabiHty would follow. The result would be the second electronics 
era, one based on the technology associated with the discrete transistor. 

1.3 Establishing Fundamental Understanding 

Within a year after the transistor announcement, great strides in un­
derstanding had been taken through a series of seminal experiments de­
signed to elucidate the behavior of holes and electrons in germanium. First 
there was the question of how the point-contact transistor really worked­
a volume and/or a surface effect? By the time of the transistor announce· 
ment, Shockley and J. R. Haynes had already initiated a classic investigation 
to settle this point and establish the reality of minority carrier injection. 

In the prototype setup of Haynes and Shockley, a longitudinal electric 
field was established by a battery in a thin rod, or filament, of high-purity, 
single-crystal n-type germanium.19 [Fig. 1-9] Point contacts were made to 
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the rod, separated by a variable djstance. One contact was biased as the 
emitter and the other as the collector, as in a Type A transistor. 1n the 
experiment (and as the experiment established), a pulse of holes was injected 
into the filament by forward biasing the emitter point for a short period 
of time. The holes drifted in the electric field down the rod toward the 
collector. Their initial, and subsequent, arrival at the collector was detected 
by an increase in the re\•erse current of the collector circuit. Placing emitter 
and collector points on opposite sides of the filament showed that the 
holes moved in the bulk material-a volume effect. Measurement of the 
transit time from emitter to collector and the distance between the points 
yielded the drift velocity of the holes. The ratio of the drift velocity to the 
applied longitudinal electric field gave the hole (drift) mobility. By observing 
the vanabon of signal amplitudes with time, and as the experimental 
parameters and configuration were changed, Haynes, Shockley, and Pear­
son gained quantitabve informabon concerning hole injection, hole mo­
bility, hole diffusion, hole lliebme, surface recombination velocity, and 
the nature of conductivity modulation in semiconductors. 20 [Fig. 1-10] 

1n his classic book, Shockley emphasizes the important role of excess 
minority carriers (here, holes) in the conductivity process and in transistor 

Fig I 10 G L PeaJSOn (left) and J R Haynes (nght) per­
fumung 1hrir study on mmon1y ca mer injection in 6Jamenta ry 
tr.an~•SIOf"!io 
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action by the summary statements: "In a semiconductor containing sub­
stantially only one type of carrier, it is impossible to increase the total 
carrier concentration by injecting carriers of the same type; however, such 
increases can be produced by injecting the opposite type since the space 
charge of the latter can be neutralized by an increased concentration of 
the type normally present. Thus we conclude tliat the existence of two 
processes of electronic conduction in semiconductors, corresponding re­
spectively to positive and negative mobile charges, is a major feature in 
several forms of transistor action."21 Here, Shockley taught the two-carrier 
concept of semiconductor transport phenomena and rectification. 

The hole injection experiments measured the fraction of the emitter 
current carried by holes, and it was found that this fraction could approach 
unity-essentially all the emitter current is holes. Quantitative studies of 
the presence of holes near a collector point determined properties, such 
as the intrinsic a of a point-that is, the ratio of change in collector current 
per unit change in hole current actually arriving at the collector. Ampli­
fication in a Type A transistor was attributed to the modulation of the 
collector current by the holes in the emitter current. Thus the essential 
features of the point-contact transistor and the nature of transistor action 
were explained in simple physical terms. 

The filamentary experiments were extended by H. Suhl and Shockley 
by placing the rod, in which the holes drifted in the longitudinal electric 
field, in a transverse magnetic field .22 The experiments gave direct evidence 
that the excess minority carriers (holes) were subjected to a sidewise thrust 
(the Suhl effect) in the same direction as were the majority carriers (elec­
trons). In essence the experiment was an extension of the Hall effect(single 
charge carrier) to the bipolar case (both positive and negative charge carriers 
present simultaneously). 

Thus, based on the Shockley theory, experiments with filaments-those 
of Haynes on drift mobility, of Pearson and Haynes on conductivity mod­
ulation, and of Suhl on magnetic concentration of holes and electrons­
provided the linkage between theory and experiment that gave "operational 
reality" (Shockley's words) to holes and electrons as positive and negative 
carriers of current in semiconductors. By their study of transient phenomena, 
Haynes, Pearson, and Suhl showed that an excess hole actually does drift 
in an electric field with a drift velocity, that it undergoes the random 
thermal motion of diffusion, that it is deflected sidewise by a magnetic 
field, and that it does behave as if it had a positive charge equal in magnitude 
to an electron's negative one. A similar statement could be made about 
excess electrons in p-type semiconducting materials. 

The experiments also provided clarification of the functioning of the 
point-contact transistor. They put the action of both emitter and collector 
points on a quantitative basis (with the principal exception of explaining 
a collector intrinsic a greater than unity). 

These experiments could not have been carried out without the avail-
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ability from chemists and metallurgists of large single crystals of germa­
nium-crystals of high chemical purity and of a high degree o f crystaJ 
perfection (relative absence of grain boundaries and lattice dislocations). 
By modifying the Czochralski process, a single-crystaJ growth technique 
first used by J. Czochralski in 1917,23 G. K. Teal and J. B. Little succeeded 
in October 1948 in growing a single crystal of germanium by slowly with­
drawing a seed crystal from a melt of very pure germanium.24 Volume 
recombination of excess holes with electrons, as differentiated from re­
combination at the filament surfaces, in single-crystal material was char­
acterized by a lifetime of more than 100 microseconds (µs) , 20 to 100 times 
that characteristic of polycrystalline material. This was a major step forward 
in terms of minority carrier lifetime and other crystal properties. 

D. INffiAL TRANSISTOR DEVELOPMENT 

2.1 Development of the Point-Contact Transistor 

SimuJtaneous with the public disclosure of the transistor in June 1948, 
a new transistor department in the device development area was set up 
under J. A. Morton (Fig. 1-11 ), reporting to J. R. Wilson, director of Electron 
Apparatus Development. The new device group worked in close partnership 
with colleagues in chemical and metallurgical research, as well as with 
Shockley's device-oriented group in physical research. The chemists and 
metallurgists contributed vital materials and/or processing know-how and 
device creativity. AJso at that time, a BeU Laboratories group in Allentown, 
Pennsylvania, located within the Western Electric AUentown Works, started 
work on transistors in anticipation of production. 

The early point-contact transistors worked, but not too well. No two 
performed exactly alike, and they were easily destroyed by inexperienced 
experimenters. For the Type A transistor, a speciaJ method was devised 
of electrically forming the emitter and coUector point contacts made to the 
n-type germanium chip.25 A phosphor-bronze wire was used for the col­
lector contact spring. Phosphorus from the spring wire was associated 
later \o\ith the phenomenon of current multiplication at the collector contact 
(intrinsic a very much greater than unity), presumably through a " hook" 
collector action.3 

By the summer of 1949, a fair amount of progress had taken place. The 
Type A transistor was then made in two different versions, the M l 729 for 
small-signal linear amplification and the Ml 698 for large-signal (ON-OFF) 
switching applkations. SmaJl-signal circuitry was given a firm basis via 
four-pole anaJysis26 analogous to the prior electron tube analysis of F. B. 
Llewellyn and L. C. Peterson.27 Telephone system applications that seemed 
attractive included a tone ringer for the telephone handset, a tone generator 
for toll signaling, and a photodetector-amplifier for a card translator used 
in direct distance dialing. The photodetector was a light-detecting pho-
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Fig. 1-11 J A Morton. who headed the fi~t transistor 
development group in 1948 and later became vice pres­
ident of Electronics Technology 
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totransistor, essentially a point-contact transtStor Jacking an emitter.28 The 
emitter function was replaced by light (photons) falling on the germanium 
wafer, being absorbed, and thereby creating excess electron-hole pairs, 
one pair for each absorbed photon.n Some excess holes dnfted to the 
collector region, creating a current at the collector enhanced by the col­
lector's current multiplication factor. 

Military applications and designs were also investigated. In June 1949, 
a joint services (Army, Navy, and Air Force) contract was initiated to 
enable Bell Laboratories to undertake specific developments related to 
transistors for the military and to keep the military informed of newly 
discovered information. Prominent workers m this activity were the early 
transistor developers A. E. Anderson, Shive, and R. M. Ryder, shown in 
Fig. l -12. The first task of this study covered work, to quote from the 
contract, " aimed at the creation of plug-in packages suitable for stan­
dardization; combining features of ruggedness, long life, small bulk and 
weigh t, and low power requirements. The immediate objective is the de­
velopment of transistor package units suitable for application in the AN/ 
TSQ-1 Data Receiver-Transmitter Set and other circuits in which consid­
erable use is made of 'flip-flops,' 'and' circuits, 'not-and' circuits, and the 
like ... 30 
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Fig I· 12. Early developers (left to nght) A. E. Anderson, j . N. Shive, and R. M. Ryder, 
who worked on nul1tary applications of plug·m packages combming ruggedness. long life, 
small si.te, and low power requirements 

This work re<Juired the cooperation of transistor device developers with 
circuit and system designers, and a task force of such people was organized 
for the purpose. By the end of 1950, the group was able to demonstrate 
all needed functions for the system.31 Circuit packages no bigger than a 
contemporary miniature vacuum tube were encapsulated in plastic. Some 
packages were interchangeable and therefore could be separately coded, 
i.e., identified as procurable parts. This work demonstrated the feasibility 
of building an all-transistorized digital data transmission system suitable 
for use in the field. This led in 1951 to the start of the development under 
the direction of j. H. Felker of TRADIC (TRAnsistor Digital Computer), 
which became the first successful airborne digital computer. {For a 
comprehensive discussion of TRADIC, see a companion volume in this 
series subtitled National Seroice in War and Peace (1925-1975), Chapter 13, 
section 2.2.) 

2.2 Crystal Growth and Demonstration of the Junction Transistor 

Fom1ulation of the concepts of the p-n junction transistor by Shockley 
created a new challenge to the research and development community of 

-



Tht Transistor 23 

chemists, physicists, and metallurgists at Bell Laboratories. How could the 
new device structures be made? There were essential things that had to 
be known before sophisticated devices could be fabricated. Importantly, 
these things involved making large single crystals of germanium, and later 
silicon, of extraordinarily high purity (i.e., sufficiently free from the effects 
of imperfections and unwanted impurities); and making p-n junctions in 
the crystals in a controlled way, junctions situated in a device such that 
they were relatively unaffected by undesirable surface effects. P-n junctions 
in silicon had been discovered and named by Ohl and Scaff before World 
War II . (The work by Ohl and Scaff is covered from a materials research 
point of view in another volume in this series subtitled Pllysical Sciences 
(1925-1980), pp. 417-420.) Experiments by Theuerer had shown the junction 
to be the result of the segregation of unknown impurihes during the 
freezing of a molten silicon charge in a crucible of fused silicon.1 The 
concentrations of the impurities present were too low to be detected by 
the techniques of chemical analysis. Theuerer discovered that adding small 
amounts of boron increased the p -type conductivity of the ingots. He 
concluded that phosphorus produced n-type conductivity, having suspected 
earlier that phosphorus was present because he smelled a trace of phos­
phine. He concluded further that phosphorus opposed boron and that the 
p-n junction occurred during solidification because phosphorus segregated 
differently from boron. Thus from Theuerer's ingenious contributions came 
the beautifully simple picture that elements of column Ill of the periodic 
table produce p-type conductivity in the column IV semiconductors silicon 
and germanium; that elements from column V produce n-type conductivity; 
and that these column ru and V impurities can compensate each other in 
the semiconductor crystal in the sense that the resultant conductivity is 
proportional to the difference in their atomic concentrations. 

Both silicon and germanium have four valence electrons and four bonds 
to nearest neighbor atoms in their (diamond-type) crystal structure. Sub­
stituting a phosphorus atom (five valence electrons) for a silicon atom 
leaves one electron additional to the four tied up in nearest neighbor 
bonds, and it is free to conduct. With its negative charge, it gives n-type 
conductivity, and the phosphorus atom is a donor of a free electron to the 
system. Analogously, substituting a boron atom (three valence electrons) 
for a silicon atom leaves the deficit of one electron, i.e., one hole that is 
free to conduct with its associated positive charge. Hence we have p·type 
conductivity, and boron is an acceptor of an electron from the collective 
system. 

The success in 1948 of Teal and Little2~ in growing single crystals of 
germanium led Morton, in keeping with his transistor development re­
sponsibility. to encourage and support increased crystal-grou1ing activity. 
P -n junctions in principle could be made in the crystals if methods were 
found to control accurately the donor-acceptor impurit)' imbalance in the 
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melt during crystal growth. Th.is control had to be achieved in the presence 
of very small quantities of other unknown and unwanted impurities, which 
always were present. The growth of germanium single crystals containing 
p·n junctions32 was followed by the fabrication of the first grown-junction 
n·p-n transistor in April 1950.33 [Fig. 1-13] It was made by a double· 
doping technique in which pellets of gallium and antimony alloys of ger· 
manium were added in quick succession to the melt of a growing n -type 
crystaJ.J• Th.is created a thin player between two n-type regions, the first 
lightly doped and the second heaviliy doped. The crystal was then sawed 
into many small n·p·n rods to which metal contacts were attached to form 
three-electrode transistor structures. (This work is covered in greater depth 
and with additional illustrations in Physical Sciences (1925-1980), Chapter 
19, section 1.2.) 

The devices were extensively characterized by R. L. Wallace and W. J. 
P1etenpol.H [Fig 1-14) A satisfying feature of the new germanium grown-
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Fig. 1-14 R L Wallace (seated) and W. J. Pietenpol (stand.mg). "ho charactenzed the 
first grown-1unction trans1Stors 

junction devices, both the p-n junctions and lhe n-p-n transistors, was 
that their electrical characteristics agreed quantitatively with the earlier 
theory, thus confirming it. From this linkage, transistor electronics had 
indeed acquired a solid foundation. 

A marked departure from theory was observed, however, in the reverse 
characteristic of the grown p-n junction. As the reverse-biased voltage 
was increased, the reverse current initially approached a constant saturation 
value independent of voltage as predicted by p-n junction theory. However, 
as the reverse voltage was increased, a point was reached where the current 
suddenly increased very sharply, almost without limit, in tum limiting the 
voltage to that value at which current breakdown set in. Obviously some 
new effect, which Shockley found "reminiscent of field emission," was 
occurring at the high reverse electric field. The first experimental 
investigation36 of this phenomenon concluded that it was the quantum 
mechanical Zener effect, i.e., internal field emission tunneling by majority 
carriers through the barrier at the junction, according to C. Zener's earlier 
theory of electrical breakdown in solid dielectrics.3' Further inveshgation 
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showed this explanation of the effect to be incorrect, conducting that in 
fact at high electric fields and high reverse voltage, electron-hole multi­
plication by impact ionization was taking place: electrons drifting in the 
electric field at high fields gain enough energy to generate electron-hole 
pairs.38 The newly formed charge carriers can also acquire energy from 
the field, in tum creating more pairs. Above a certain thieshold field, an 
avalanche of free charge is created and avalanche breakdown occurs. (The 
true Zener effect was later found in very narrow silicon junctions at low 
applied voltage [too low for impact ionization] but still very high electric 
field strength.)39 Avalanche breakdown has been widely applied in circuitry 
in the form of the Zener diode, so called fust by Shockley, for voltage 
limiting and regulation. 

The new junction transistors behaved differently from , and in many 
respects better than. the Type A transistor. Because they had a simple 
reverse-biased p-n junction as a collector, no current multiplication was 
associated with colJector action. From a circuit viewpoint, this meant that 
the negative resistance properties of the point-contact transistor were not 
present, and the junction transistors were unconditionally stable. This 
made them easier to use in many applications. As reported by Shockley, 
Sparks, and Teal, "They have operated with gains of 50 dB and noise 
figures of about IO to IS dB at 1000 cycles per second ... improvement 
of several orders of magnitude over point-contact transistors ... [with] 
full gain at voltages higher than 0.1 volt ... [and] may be operated at 
48 to 49 percent of the theoretical (Class A) maximum efficiency . . . an 
oscillator ... operates on 0.6 microwatt input." 40 

Evidence had accumulated over a Jong period of time for the existence 
of effects in germanium other than those caused by the donor and acceptor 
atoms introduced into the crystal-growing apparatus to make p- or n-type 
material. The body lifetime of excess minority carriers seemed to be rel­
atively insensitive to the presence of the donor or acceptor impurities. 
Heat treatment of germanium samples, however, could decrease this lifetime 
markedly. This effect was attributed to the presence of some unknown 
impurity, called "deathnium," which acted as a hole-electron recombination 
center. Heat treatment could also change the sample resistivity, tending 
to convert n-type to p-type, an effect attributed to another unknown im­
purity, "ther:mium." Bombardment by nuclear particles was found to pro­
duce p-type centers, which apparently also acted as recombination centers. 
Grain boundaries, besides adding electrical resistance, also exhibited some 
of the characteristics of p-type regions. The surface recombination process, 
as distinct from body recombination, appeared to depend on the chemistry 
of the surface as well as the electrical field at or just inside the surface. 

In 1951, Pfann invented a technique for purifying germanium far more 
accurately than any existing methods.•1

•
4 2 It is called zone refining, as 

described in greater detail with illustrations in Physical Sciences (1925-1980), 

• 
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pp. 419, 597-600. This invention removed electrically active (i.e., mea­
surable) impurities from germanium to a concentration of less than one 
atom in 1010 atoms of germanium. It established a new base from which 
the search for very small concentrations of impurities and other imper­
fections could proceed. The problems associated with unwanted impunties 
and their sources became one mostly concerned with recontamination 
from vessels and chemicals used in subsequent processing-on its own, 
a set o f nontrivial problems. Deathnium and thermium in germanium were 
later shown to be due to copper at low trace levels, denved largely through 
recontamination from furnaces, jigs, reagents, "pure" water, etc.0 Potas­
sium cyanide cleaning to remove trace copper impurities had previously 
been anticipated.44 

Pfann's zone-refining technique consisted of melting a short section, 
or zone, of germanium material placed in a long. open boat of very pure 
graphite. Melting was achieved by a radio frequency (RF) induction heating 
coil surrounding the boat. The molten zone was made to traverse the 
length of the germanium material by moving the boat longitudina!Jy along 
the axis o f the coil. The impurities tended to segregate selectively in the 
molten zone, and thus were removed from the solid phase as the zone 
passed through. Multiple zones, and thus multiple pass.es, could be made 
by using an array of heating coils. 

Pfann extended the zone-refining technique to zone leveling. a process 
by which a desired impurity was introduced uniformly into a sing.le crystal. 
Starting with a zone-refined germanium charge in the graphite (or graphite· 
coated) boat, he added a seed crystal at the starting end together with a 
small pellet o f, for example, antimony-germanium alloy The initial molten 
zone was arranged to melt the tip end of the seed crystal along with the 
pellet. The zone was moved along the charge, leaving behind a single 
crystal, attached to the seed, in which a constant amount of antimony 
was incorporated into the lattice per 1Unit length. Measurements of Pfann 
and K. M. Olsen showed that the uniformity in anhmony impurity con­
centration improved by a factor of ten with this technique over that as­
sociated with nom1al freezing from the melt . .s 

2.3 Information Disclosure and Teaching 

1 lis turica lly, the Bell Laboratories policy on information disclosure had 
been to publish information on advances in science and technology at the 
"earlies t time," the ma1or limitation in the determination llf the earhe<>t 
time being the time prior to publicatio n required to prepare and file! patent 
applications for design and process information thought to be of a pat­
entable n,\turc. With the ndvent of the transistor and 1ts wealth tlf nt.>w 
technology, this policy wai. not only followt.>d but in practice""'' con:.cK>u<.I\ 
turned into a procedure of active teaching Leading in lhb dm.'1."lll•n \\J:> 
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the publication in 1950 of Shockley's treatise, Electrons and Holes in Semi­
co11d11ctors with Applications to Transistor Electro11ics.3 It comprised a 
thoughtful presentation not only of the fundamentals but also of almost 
all that was known about the subject. As Shockley said in the book's 
preface, "This material (Part I) is intended to be accessible to electrical 
engineers or undergraduate physicists with no knowledge of quantum 
theory or wave mechanics. It should serve as a basis for understanding 
the operation of transistor devices and for elementary design considerations. 
Part 111, at the other extreme, is intended to show how fundamental quan­
tum theory leads to the abstractions of holes and electrons. . . . Problems 
follow many of the chapters." By this time, also, more than 3000 point­
contact transistors, small " packages of a scientific phenomenon," had been 
made at Bell Laboratories and distributed for study to other organizations 
throughout the world. 

The advances from 1948 to 1951 in transistor understanding and in 
knowledge of transistor processing technology placed Bell Laboratories 
and Western Electric in a unique position of know-how vis-a-vis the rest 
of the world, despite the many publications. To communicate the results 
of the transistor circuit task force and other recent information, and in 
fulfillment of Task 3 of the Joint Services Contract, in September 1951, 
Bell Laboratories sponsored at Murray Hill a five-day "Symposium on 
Properties and Applications of Transistors." The symposium was attended 
by 121 members of the military services and their contractors, 41 university 
people, and 139 industry representatives. The papers delivered at the 
symposium were assembled into a book, and 5500 copies were delivered 
to the military for their distribution.•6 Highlights of the meeting were talks 
by Shockley and others describing the first experimental grown-junction 
transistors and the experiments confirming the nature of transistor action 
in terms of the flow of holes and electrons in the body of the transistor. 

A second cornerstone of the Bell Laboratories information disclosure 
policy, one in addition to that of early and full publication, was the granting 
of nonexclusive patent licenses to all comers at a reasonable royalty. In 
April 1952, a second symposium was held to disclose transistor technology 
in an orderly and efficient way to transistor licensees of Western Electric, 
in practice, the effective owner of the Bell Laboratories patents. Admission 
to the symposium cost each licensee a fee of $25,000, a mechanism designed 
to limit attendance to those companies seriously interested in the transistor 
business. The fee would be a credit to any future royalties to the Bell 
System. Twenty-six domestic and fourteen foreign l.icensees, many of these 
newly signed, attended the symposium, which convened at Murray HiJI 
for six days and at the Western Electric-Bell Laboratories location in 
Allentown for two final days, where the point-contact transistor had 
been introduced into Western Electric manufacture in October 1951 . 
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The symposium seems unique in the history of information transmitted 
between potentially competitive members of the free world's industrial 
society. Bell Laboratories and Western Electric undertook to teach in eight 
days the art and science of transistor technology, theory, and practice as 
it was known to the host institutions. This included: point-contact tech­
nology through device fabrication, characterization, and manufacture; the 
advances in materials, e.g., germanium oxide reduction, zone melting and 
purification, crystal growing, and testing; the current status of the infant 
grown-junction technology (controls for the n-p-n crystal-growing ma­
chine), surface treatments, and gold bonding; Zener diode characteristics; 
and noise and reliability testing. The introduction to the program agenda 
carried these words: "It is hoped that the material to be presented will be 
sufficient to enable qualified engineers to set up equipment, procedures, 
and methods for the manufacture of these products."47 The proceedings 
of the symposium were published in September 1952. 

Shortly after the transistor technology symposium, in June 1952, Bell 
Laboratories researchers heJd a six-day "summer school" for teachers. 
Participants came from more than 30 universities. The object was to en­
courage the introduction and teaching of transistor physics as part of the 
scholastic curriculum. The course at Murray Hill included both classroom 
and laboratory work. fFig. 1-15) One result of this activity was a paper 
published in the Pliysica/ Review, written by and signed ''The Transistor 
Teachers Summer School."48 The paper was extraordinary m that it was 
coauthored by 60 authors from 33 academic institutions The laboratory 
experiment, set up and monitored by Haynes, which was performed by 

r 
Fig. 1-1 5. A laboratory session from th~ 1952 "summer school," held to d1;S<!mtnate 
trans,stor tochno 105y to prO(C$30r$ (ron\ 30 univcnitics so that trani1.itor phr>•o could 

become a p.>rt of the univc~lty cumrulum 
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the "students" a number of different times, confirmed the Einstein rela­
tionship between mobility and the diffusion constant for excess h o les. 

The symposium succeeded as an information-transfer mechanism, cre­
ating almost overnight a broadly scattered base of know-how from which 
the rransistor indusrry could grow and flourish, both in the U.S. and 
abroad. It also set a standard for the freer interchange o f information in 
the semiconductor arena, a standard that prevailed for many years. The 
teachers summer school supplemented the symposium by planting seeds 
of the new transistor electronics widely in the university environm ent, 
thus encouraging the growth of new science, new technology, and n ew 
graduatt"S educated in the art. It seems reasonable to connect the initial 
nearly exponential growth of the semiconductor business with the Bell 
Laboratories practices of open publication, granting of nonexclusive licen!jes, 
and of active teaching. These practices made it possible for others to m ake 
their own contributions sooner. As an example, the s imp le, inexpensive 
technique for making junction transistors by alloying metal pellets to ger­
manium was discovered by ). E. Saby and others at the Genera l Electric 
Research Laboratories before mid-1951.'q 

Ill. EARLY TRANSISTOR MANUFACTURE 

The first point-contact transistor to go into manufacture in 1951 at 
Allentown, the Type A, consisted of a small wafer of germanium soldered 
to a metallic base, with two point contacts on the opposite surface spaced 
about 0.001 inch apart. Its manufacture had been delayed in part by 
prublems involved in reliability and reproducibility. To improve the gain 
and stability, the practice was to form (i.e., electrically pulse) the phosphor­
bronze collector point. Forming, a good example of the manufacturing 
technique known as " black art" in electron device manufacture, probably 
introduced impurities and imperfections into the immediate vicinity of the 
collector point, resulting in current amplification, as has been noted, as 
well as voltage amplification. The first designs were not sealed to exclud e 
the atmosphere. 

With the Type A transis tor, Western Electric was faced with handling 
a completely new technology and its accompanying set of yet-to-be-un­
derstood manufacturing problems. Transistors were placed in a nonair­
conditioned area (actually the gate house of the main building) to see 
whether their electrical characteristics would change under ambient tem ­
perature and humidity conditions. They did. Problems were also encoun­
tered with the range of performance. 

It was to solve and minimize problems similar to these in the manufacture 
of electron tubes that electron device manufacture had been moved in 
1947 from l ludson Street in New York City to a new Western Electric 
facility in Allentown, which was specially designed to permit controlled 

l 
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manufacturing conditions. Kelly had also established lhere, wilh enthu­
siastic Western Electric concurrence, a branch of Bell Laboratories, which 
consisted of a group of resident Bell Laboratories device engineers, under 
the direction of V. L. Ronci, with their own equipped laboratories. (Fig. 
1-16) The group was intended to work closely with Western Electric man­
ufacturing engineers. The branch lab concept was an attempt by man­
agement to create an even better interface between development and man­
ufacture, one the responsibility of Bell Laboratories, the other of Western 
Electric. At this interface many basic questions arise, among them: Is the 
Bell Laboratories device design inherently manufacturable? How does it 
need to be changed to make it more so? Will the manufacturing changes 
affect its circuit compatibility and function? In anticipation of transistor 
manufacture, as mentioned before, the Allentown Laboratories staff had 
been augmented by semiconductor device engineers. By 1954, the effort 
had grown to a level where it was moved from Ronci's responsibility into 
a separate department headed by Pietenpol. That department became part 
of Morton's organization, who by then was director of transistor devel­
opment with three additional departments at Murray Hill. Together with 
their Bell Laboratories colleagues, the Western Electric engineers went to 
work on the common problem of producing an initial transistor product 
that would meet Bell System requirements. 

Fig. 1-16. Left to right: V. L. Ronci, W K. Wiggins. j . R. Wilson, M. j Kelly. ond 
F. E 1 l~nsen <It the Wl>stem Electric facility in Allentown. Pennsylvania in 1947 
Ronci directed a group tlf Bell LJbor3tories device engineers lo wor~ with Western 
E.l~ctric in order to pro~ote a smooth tronsition from development to manufactun: 
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To free the transistor from ambient variations in humidity, vacuurn­
tight encapsulation was found to be necessary for long-term, reliable op­
eration. The first five years with this enclosure in the card translator ap­
plication gave a system reliability h istory of l million socket-h ours per 
transistor failure. This failure rate compared favorably with electron tube 
experience. 

The Type A transistor, together wi·th the photodiode, was manufactured 
for some ten years at Allentown for the card !Tanslator and other appli­
cations. Over a somewhat shorter span, it was also manufactured for 
military applications at the Western Electric Laureldale, Pennsylvania shop 
for the: ANjTSQ data set. Each of these systems performed satisfactorily 
in the field. The card translator was finally replaced by a new system after 
20 years. The data set was made a North Atlantic Treaty Organization 
(NATO) standard and remained in service for many years. The satisfied 
customers made it difficult for Western Electric to discontinue manufacture 
of point-contact technology until long after it had been made obsolete by 
junction technology. 

IV. THE EMERGENCE OF GERMANIUM JUNCTION TRANSISTORS 

4.1 Junction Transistors: Concepts, Uses, Structures, and Technolog.y 

The new grown-junction transistor soon came to be appreciated as a 
more understandable, more reproducible electron device than its earlier 
cousin, the Type A. Its wider range of parametric properties extended the 
number of potential applications. Several codes were made, with power 
dissipation up to 50 mW and with frequency response to several megahertz. 
The grown-junction transistor would also operate as a microwatt device. 
The first large-scale use in the Bell System was in the telephone handset. 
A single transistor amplified received voice signals, in one case to benefit 
people with impaired hearing, and in another to improve service at noisy 
locations. It had never been practical to provide amplification in t<elephone 
sets, primarily because of the difficulty of supplying power required by 
vacuum tubes over telephone lines from the central office. 

Outside the Bell System, following the transistor licensee symposium, 
many industrial organizations entered into commercial manufacture of 
grown-junction devices. There were 35 domestic and foreign licensees in 
1953. The first significant commercial product was the portable, miniature 
transistor radio, stiJI a ubiquitous sig11 of our technological society. In this 
application, the lower power demand of the transistors improved battery 
life by a factor of ten over the vacuum-tube version. The same factor-of­
ten improvement in battery life was obtained with hearing aids. The first 
transistorized hearing aid was built at Bell Laboratories to demonstrate 
this feature. Before long, commercial manufacture of transistors caused 
the complete replacement of the vacuum tube in this application. Com-
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mercial applications of the grown-junction transistor did not grow more 
rapidly, however, primarily because of cost, but also because of limited 
performance parameters. 

Soon accompanying the junction transistor idea were other device con­
cepts employing p-n junctions. In l 952, j. J. Ebers carried out the first 
analytic treatment of what he called the four-tenninal p-n-p-n transistor.50•51 

He showed that it could be represented by an interconnection of an 
n-p-n transistor and a p-n-p transistor, a concept that he attributed to 
Shockley. 52 These devices have a current gain of greater than uni ty because 
the third junction acts as a "hook" collector. The studies on these devices 
helped in understanding the behavior of the point-contact transistor and 
were the basis for subsequent work on p-n-p-n switching devices. 

Shockley also arranged p-n junctions to invent a volume-type field­
effect transistor, later generally known as the junction field-effect transistor 
OFET), in which the electric field was applied within the interior of the 
semiconductor crystal.53•

54 This was in contrast to the earlier field-effect 
concept in which the field was applied at the surface. In a JFET, the 
conductive channel of the semiconductor, through which majority current 
flowed, was made to be one side of a p-n junction. When a reverse bias 
was applied to the p-n junction (called the gate), free carriers were swept 
away from the junction, leaving a space charge layer devoid of free carriers 
(a deple tion layer) in the region of the junction. As the reverse bias was 
increased, the depletion layer spread, thus reducing the dimensions of the 
conductive channel (i.e., modulating its conductance). The channel current 
flowed through ohmic electrodes (contacts) attached to either end of the 
channel, which Shockley called source (of free current carriers) and drain 
(of free current carriers). The carriers involved are the majority carriers of 
the channel conduction type-holes if p-type, electrons if n-type. Hence, 
Shockley called field-effect transistors unipolar, involving (primarily) one 
sign of charge carrier, to be distinguished from bipolar transistors, junction 
transistors in which excess minority carriers play an important role together 
with majority carriers. Unipolar transistors do not have the minority carrier 
storage or transit-time effects associated with bipolar transistors. In Shock­
ley's junction design, the transistor was expected to be relatively free of 
variable surface effects . 

The first JFET was realized in germanium by G. C. Dacey and I. M. 
Ross in 1952, 55

•
56 as described in a companion volume in this series subtitled 

Pl1ysic11/ Sciences (1925-1980), pp. 76-78. Their experimental results on the 
device shown in Fig. 1-17 confirmed Shockley"s original analysis. They 
reported a device with transconductance "as high as 0.3 mA/volt whose 
characteristics were very stable . . . (and) flat frequency response up to 
about 3 Mc/sec." 57 The transconductance achieved, however, was low. 
hardly competitive with electron tubes; and the power dissipation was 
high compared to bipolar devices. These unattractive characteristics fol-
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lowed directly from the (too large) linear dimensions and spacings associated 
with the 1unction technology of that time. Also at that time, Pearson 
realized a silicon JFEr" by cutting a slot into the p·type mate rial of a p­
n 1unct10n, leaV1ng iust a thin p·type channel near the junction, as shown 
in Fig 1-18 The transconductance of lus device was even lower than the 
one reported by Dacey and Ross. Thus the JFET was a constructive and 
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interesting piece of device research, but it was not worth pursuing for 
development with then existing fabrication techniques. Dacey and Ross, 
however, foresaw remarkable performance characteristics, "1000 Mc/sec 
cutoff . . . transconductance of 70 mA/volt ... and low power opera­
tions," p rovided techniques could be found to create a JFET with signif­
icantly smaller dimensions.59 

About the time of the first JFET, S. Darlington proposed that a pair of 
transistors could be combined in a manner to give improved characteristics."° 
Such a combination became known as a Darlington pair. Moreover, Dar­
lington further proposed that the two transistors could be merged in a 
common chi.p, presaging the integrated circuit (IQ. 

In spite of the superior properties of the grown-junction device, its 
limitations precluded use in many possible applications. Perhaps foremost 
of these was frequency response. With a frequency cutoff of approximately 
1 MHz, it was not capable of amplifying very high frequencies or very 
broad bands. Efforts to improve this deficiency led to the conception of 
the junction tetrode transistor.61 By adding a fourth electrode (to decrease 
the active area of the emitter junction) and by using germanium bars of 
very small cross section (to reduce collector capacitance), it was possible 
to raise the operating frequency of the grown-junction structure to the 
100-MHz range. This was the first successful high-frequency transistor. 
About 2000 of these devices were fabricated and applied in experimental 
transmission circuits. 

J. M. Early [Fig. 1-19} brought additional insight to the high-frequency 
design problem. In an analysis of the effects of space charge layer widening 
on frequency response in junction transistors, Early pointed the way towards 
operation at thousands of megahertz rather than the one hundred or so 
already demonstrated.62 To achieve these results, Early conceived the in­
trinsic barrier transistor, a p-n-i-p (or n-p-i-n) triode structure in which 
an intrinsic (i) region was introduced into the single crystal between the 
base region and the collector, effectively decoupling the two. (An intrinsic 
semiconductor is essentially devoid of either donor or acceptor impurities, 
i.e., it is neither n type nor p type. Its natural resistivity depends on the 
width of the gap between the valence and conduction bands.) The abstract 
of Early's paper presenting theoretical and experimental results read, in 
part, " This s tructure will permit simultaneous achievement of high alpha 
cut-off frequency, low ohmic base resistance, low collector capacitance, 
and high collector breakdown voltage .... Oscillations as high as 3000 
MHz may be possible."63 Crude fabrication techniques still permitted Early 
to den1onstrate experimentally a structure with frequency performance of 
about 95 MHz. Perhaps more importantly, his intrinsic barrier design 
theory correlated well with the properties of the experimental transistor. 
thus validat ing the potential of high-frequency performance with better 
construction techniques. 
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Fig I· 19 J M l:.lrlv and J A W~ni;cr 1(-Stmg an early model of the 
p·n·•·p tnode-the intnnsic bamer 1rans1stor-developed to increase 
h1gh·f,-.,quency cap~bH1ty 

4.2 Alloy Junction Technology 

A ma1or contribution to transistor technology originating outside of Bell 
Laburatones came from the General Electric Research Lilboratories in 1951: 
the previously mentioned alloy junction transistor of Sa by .•v It was f ab­
ncated by placing two &mall pellets of the metal indium on opposite s ides 
of a thin, n-type germanium wafer and heating the parts to about 450 
degr~!> C At this temperature, molten indium dissolves germanium, form ­
ing an alloy On coohng. part of the dissolved germanium, together with 
i.oml' indium, recrystalit.l'S onto the unmelted germanium crystal forming 
indium-rich p-type regions on either side of the n- type material, i.e., a p­
n-p i.tructure. The remaining indium solidifies (together with the remaining 
di!.solved germanium) into soft, metallic buttons in intimate contact with 
the newly formed and heavily doped p-reg1ons to which external con­
nections are easily madl'. Contacting thl' base region presents no problem, 
ai. the ba&e is physically a large piece o f germanium, in contrast to the 
i.mall piece of germanium comprising the base region wedged between 
l'm1ttl·r .ind collector of the grown-junction structure. ! Fig. 1-20) 

I 
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Fig. 1-20. Photomicrograph of an alloy transistor developed by J. Ebers and J. J 
Kleimack. Alloy technology allowed low-cost manufacture and sped the entry of 
the transistor 1n the marketplace. 
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The recrystallized p-regions of the emitter and collector, narrow and 
heavily doped (low resistivity), together with the indium contact, gave 
series resistance much lower than the grown-junction technique and there­
fore superior performance, particuJarly in ON-OFF switching applications 
where the voltage drop in the ON condition had to be held to a minimum. 
Low series resistance also lent itself naturally to designs for power ap· 
plica tions. 

The common alloy process for making n-p-n transistors consisted of 
using lead doped with arsenic as the alloying metal (in place of indium) 
and starting with a p-type germanium wafer. The alJoy techniques were 
accompanied by an unexpected but welcome by-product. It turned out 
that, during the liquid phase of the alloying process, the metals indium 
and lead would getter undetected minute amounts of copper43 (deathnium 
and thermium in germanium) from the germanium surface and prevent 
it from diffusing into the crystal during the heating cycles. Earlier heating 
experiments with germanium crystals at Bell Laboratories had been ac­
companied by unexplained, gross changes in resistivity (due to thermium) 
and by a loss in minority carrier lifetime (deathnium). These uncontrolled 
results prevented for years the successful application of high-temperature 
diffusion as a process for making p-n junctions in semiconductor waiers 
with the precise dimensional control demanded for high·Crequency per· 
formance. 
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Alloy germanium transistors accelerated the growth of the transistor 
industry and the appearance of transistorized products in the marketp lace. 
Alloy transistors were potentially inexpensive to manufacture. T hey were 
efficient users of the entire " pulled" single-crystal material, not just the 
slice containing the junctions, as in the grown-junction process. A large­
area, low-cost contact could easily be made to the base region. A lthough 
frequency response was linuted, a range of characteristics could be provided 
readily. Relab\ely high-power audio output devices were designed for the 
portable radio and low-power-drain devices for hearing aids. Other d evices 
were provided for both linear and digital uses. Alloy transistor manufacture, 
much by fledgling companies, spread in the U.S. and to many foreign 
countries, forming a part of the fast early growth of the transistor industry. 

Even as the alloy germanium technology was beginning to provide the 
commeraal base for the solid-state electronics era in 1952, technological 
events of potentially greater future importance to the industry were oc­
curring Teal and E Buehler reported to the May 1952 meeting of the 
Amencan Physical Society in Washington, D.C. their success in growing 
large single crystals of silicon and p-n junctions.64 With this materia l, 
Pearson and B. Sawyer made the prototype alloy silicon diode that had 
remarkable properties compared to germanium (primarily because o f its 
larger bandgap).0~ !fig. 1-21} With a reverse current less than 1 nanoampere 
(nA), 1000 time5 less tlldn that uf germanium, a high and stable revt>r..t' 
voltage, and a good forward characteristic, the new diode demonstrated 
at once some of the very superior characteristics of silicon as a semiconductor 
matenal It could also be operated at 300 degrees C . The diode was made 
by alloying an aluminum wire into one face of an n-type silicon chip, thus 
forming a p-n runction, and similarly a gold wire, possibly antimony doped, 
into the other face to make an ohmic contact. Based on applications of 
thts diode, a separate branch of the growing semiconductor industry came 
mto e>.istence 

4.3 Gffm•nium Alloy Transistors in the Bell System 

The early germanium alloy junction development days were both fruitful 
and frustrating Particularly fruitful was the formulation of the analytic 
design theory for bipolar devices and circuits. The basic model to enable 
mathemabcal device description and the prediction of circuit performance 
was contnbuted by Ebers and J. L. Moll."" Moll extended this work to the 
transient response of switching transistors.67 Transistor design theory com­
pleted the modeling activity.02·~ • .-i 

Efforts to obtain good junctions and to keep them good were frustrating. 
In the alloy process, considerable mechanical damage surrounded the metal 
button, caused by cracks that occurred while cooling. Chemical etching 
removed debns and turned electrically "soft" junctions into " hard" junc-

)I 
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Fig. 1-21. First practical silicon alloy diode. fabricated by G L Pearson and B. 
Sawyer. The new diode, 1000 times smaller than its germanium predecessor, demonstrated 
the superiority of silicon as a semiconductor material. 

tions, which were clean and smooth in appearance. The quality and uni· 
formity of the junctions depended on the process art and the skill of the 
processor. An array of empirical etches soon developed. and junction etch­
ing became and remained a critical process step. 

As with grown-junction transistors, the stability of the alloy junctions 
was tied to residual ionic impurities on the surface and to the presence 
of moisture there. Again, the "solution" to the stability problem was to 
encapsula te the device in vacuum-tight enclosures (with a metal-to-glass 
hermetic seal), often sealing in a moisture getter after employing repeated 
drying cycles, i.e ., flushing with a dry gas. Hermetic encapsulation was 
deemed necessary to achieve the high reliability required for telephone 
and military applications. It added substantially to the unit cost, however, 
and was a grave disappointment for that reason; inelegantly, it also made 
transistors more like vacuum tubes, which also required hermetic seals. 
Even so, the low-temperature drying cycles by gas flushing did not con­
sistently remove all the moisture, and reliability suffered in some units. 

High-frequency response was constrained by limitations of geometry 
and structure, principally base width and the area of the metal alloy dots.69 
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In practice, control of chip thickness, dot size, and the alloy temperature 
cycle limited frequency response to a few megahertz. Th is was n o t n early 
high enough for most broadband transmission and high -sp eed digita l ap ­
plications required in the Bell System. 

Nonetheless, a first major application in the Bell System of the alloy 
germanium transistor was in E-type repeaters.;0 The transistorized negative 
impedance repeater replaced a vacuum tube version because it o ffered 
savings in space, power, and maintenance. It was an ideal first applica tion : 
only four transistors per assembly and a minimum of operating problems 
in the event of difficulty; unit transistor cost was not a primary con sideration, 
and, assuming success, a large production would be scheduled . Su ccess 
did come. Reliability was excellent, and millions of transistors were m an ­
ufactured over the years by Western Electric in Allentown, beginning in 
1955, for use m a variety of applications. 

Applications in the Bell System in the early 1960s included Dl and 0 2 
channel banks, A5 channel modems, series E inband signalin g, MF and 
JR receivers, 43 Bl carrier, 404C and 4040 tone generators, 800 priva te 
branch exchange (PBX), 103 E6 data set, lA data station, and N2 carrier . 
The applications were nearly all linear. The alloy junction transis tor was 
not employed extensively in logic or digital circuits, although it was o ften 
used in control circuits. It was used, however, in logic circuits in the M orris, 
Illinois field trial of the pre-prototype electronic switching system , where 
it performed well. By 1968, use grew to some 400 applications. 

V. THE APPEARANCE OF SILICON 

5.1 Diffusion and Silicon 

With the successful efforts of Teal and Buehler in growing large single 
crystals of silicon, a second single-element transistor material becam e 
available, a potential rival to germanium, and it begged for research and 
development effort to determine and explore its possibilities. The n ew 
material, however, displayed low (excess) minority carrier lifetime, resistivity 
far from intrinsic, and other evidences of impurity contamination , some 
of which came from the fused silicon crucible in which the crystal was 
grown. For example, while measuring the (deathnium) lifetime of specimen 
crystals by a new photoconductive technique, Haynes and j. A. Hornbeck 
went on to identify the existence of two sets of temporary (nonrecombining) 
traps for electrons in p-type silicon. •11•12 The traps manifested themselves 

' In thl'Se traps, a trapped electron s1b for a time and then is ejected back into the conduction 
band as an excess minonty carrier. Then!, the excess carrier faces the chance of being retrapped 
(tmmob1hu'<I m one of the two kmds uf temporary ITaps), or of recombining with a positive 
hole and thereby disappearing from the conduction process. Sirrular trapping was found in 
n·type s1hcon. but in gennanium, such tripping was observed <>nly at low temperature (below 
- 80 degrt'eS C) 
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as an apparently anomalously long minority carrier lifetime. This char­
acteristic was not observed in germdnium at room temperature. While 
zone refining succeeded almost from the beginning in purifying gennanium, 
molten silicon was so reactive that no satisfactory material for a crucible 
was to be found, and the silicon ingots were loaded with oxygen as a 
principal contamjnant. More generally, silicon was an attractive new ma· 
terial, but a technology for its use had to be developed. 

Solid-state diffusion as a technique for making p-n junctions with fine 
dimensional control was an attractive technology for some time. In 1947, 
Scaff and Theuerer had proposed, in particular, _diffusion from the vapor 
phase.73 This form of diffusion involved heating a single crystal wafer of 
the semiconductor in the presence of the vapor of the desired impurity 
to introduce enough of the impurity (donor or acceptor) into a surface 
layer of the wafer to modify (i.e., dope) the conductivity of the wafer a 
predetermined amount. No melting took place in this process. One keystone 
of this technology to be mastered was the art of diffusing the desired 
impurity without the simultaneous diffusion of contaminants, which were 
usually present in very small quantities as well. 

In 1952, C. $. Fuller provided a sound basis for diffusion technolog}' 
with his studies of the diffusion of donors and acceptors in gennanium.74 

He extended the diffusion experiments to single-crystal silicon, when it 
became available.75 The first significant breakthrough for diffusion came 
in the fabrication of large-area silicon diodes. Pearson and Fuller applied 
these results successfully to make large-area p-n junction diodes with 
remarkable electrical properties, which they saw as useful for the large­
quantity Bell System applications of power rectification and lightning pro­
tection.76 The technology was perhaps more spectacularly applied as a 
p-n junction photocell for converting sunlight directly into electncal 
power.77 As reported by D. M. Chapin at the annual meeting of the Amer· 
ican Institute of Mining and Metallurgical Engineers in February 1954, its 
conversion efficiency was more than 6 percent. This number, perhaps 15 
times larger than the best previous solar energy convert,r, was high enough 
to suggest the feasibility of isolated solar-powered transmission equipment 
and relay s tations. (Work on solar cells is also discussed in P/1ys1cal Snrnus 
(1925-1980), Chapter 11 , section 8.1.) The combination of s1hcon as a ma· 
terial and diffusion as a process offered diode designers a vast range of 
desirable electrical properties in devices that were potentiall)' of low rost­
low cost because d iffusion naturally lends itself to batch processing. which 
is often more economical than one-at-a-time processing. The latter general(\• 
requires a high degree of mechanization to be cheap. 

The successes with silicon and diffusion, highlightoo by the Bell Solar 
Battery, were announced through a press conference held al Murray Hill 
in the spring of 1954. In contrast to the small splash made b)' 1h~ 1948 
announcement of the transistor, this one was covered wid<'ly and well 
reported. Stories were written by science editors of the large New York 
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d.ltlie. b1 the naoon.il wire ;el'\ices, and also bv trade magazine speoaltsts 
Demonstrabons of s1hcon diodes in se1eral apphcations accompan1t>d an 
oral pre.enlabon b1 Fi>I., then 11re-pres1dent, Rt'l>earch and later president 
of Bell Laboratones The ~II Solar Battery was introduced by a demon­
straoon in wluch a portable FM radio transmitter, powered by sun light 
through a cluud1 overcast sl.y, transrrutted to a receiver m the p ress room 
Ubtde a Bell Laboratones bwldtng All could hear the reception and at 
the same rune. obs.!!'\~ the demonstrator and transmitter designer, D E 
Thomas "'all.i111; around outside ,.,th the 1Tans1~tor radio transmitter and 
115 solar po"' er supph !Fig t-22)The latter was a small array of indiVldual 
quarter-mt'd p-on-n sihcon diodes. wluch connected together formed t he 
solar batter'\' A surular array was used to power a miniature water pump 
wluch. with en~'ll'' from the light of a bnght, incandescent lam p, pumped 
a stream of water from a lower reservoir into a sandy surface pool. Ea ch 
p-n )Uilebon diode (or cell) gave photovoltaic output of about 0.5 vol t (V), 

Frg I :!2 A 1qs• .Jtmvn\lt.ilhon at J\1urr•)' 11111, f\;,·w Jt'"°'') 1n "h1Ch 
-.unlt);hl t .. U111~ un .a "1l<11r tt·ll pu~<·rtld 1,1 .t.mJll r;1d10 tr~n)mlllt•r Th\· V\H(\• 

of 0 l rht•m.i\ (fvrt-,.;J•J\lnd) wo1.,, nU1\i-d In lht" pr, .... \ room uu1dc: chl.' 
t>uJdm~ 

-
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so that the voltage supplied by the solar battery was about one-half the 
number of series-connected cells in the array. 

A field demonstration o f a Bell Solar Battery in a remote location was 
begun about 18 months later. In October 1955, a 20· V, I -wan (W) solar 
conversion power supply was insta ll ed on a telephone pole near Amencus, 
Georgia an connection with a field trial of a tran~i~ton7.ed rur.11 cam cr 
transm1)s1on system. The demonstration of the battery tum.-d out to be 
an engineering s uccet.s whale predicting an economic failure. The com­
banataon of then ex~rimental nickel-cadmium batteries charged by the 
solar array performed satisfactorily as a power supply, but was 1udgl>d to 
be more costly than competing alternatives 

5.2 Diffused-Base Transistors 

A d11fuscd-base method of fabncatang 1Tans1sto~ with high-frequcnt"}· 
rl'Sponsc was discussed at a departmental conference Shockley held in 

December 1953. Succl!~sful fabricahon uf the structure m germanium WJ) 

achieved an July 1954 by C. A. Lee.7"(Fig. 1-23) Hediffus..'<la 1.5-micromctcr 
(µm) layer of arsenic into p-type germanium, forming a base lar,•r, an 

Fri; I 21 M T.m<nb•um (11·fl) •nd C A l<'' (no;htl "ht• 
f.i'-'"'·''''t lh\• f'if"I J1ffU'i't N~· tr.1n .. t11h'"' .,, 1id1,1.n •nd 
~l'm\JOIUM\. f\.'">J'-'fl\ ... 1\' 
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emuter l~w:r about 0.5 µm thick was then made by ,1 lloying lightly .1 thin 
bl'er o>i t•·aporated aluminum into the base region. [Fig~. 1-24 and 1-251 
Lee employed pun? germanium matenal that was essentially d evoid of 
un••anted cnhcal llllpunhes, 1.e .. those which during the diffusion heat 
trtarment would .iJso diliUSt?and interfere with the fonnation of the dl.osired 
n-p 1unctmn Hr found ti e:.sential, also, to use p.1instaking methods to 
clean IT~ce 1mpunttes both from thl." surface of the gennanium and from 
the dtltw.1on furnace." The transistor was disclosed at the June 1955 Solid 
State Dence Research Conference held a1 the Universi ty of Pennsylvania. 
let; reported nearly unity current gain (a0 = 0 98) and a cutoff frequency 
of 500 MHz wlule predicting e\'en higher values. The related patent was 
br0<1d. des.:nbmg virtually e\'ery diffused transistor structure, induding 
double cWfus1on, field dfect,and mtnnsic layers (i.e., n-p-i-n), in a variety 
of ma~nals-gcrmanium, silicon, and Groups 111-V compounds. 79 

SuCt"..-.sful fabncation of the first diffused silicon transistor took somewhat 
lunger Ultrapure ma1enal was not available, and silicon diffusion required 
higher tempt'fatur.,. than germanium. As a result, the control of silicon 
R.,,l!>~I\ 1tv at dJHusion temperatures was poor, and minority carrier lifetime 
w~s predictably small During high-temperature diffusion experiments, 
dra.bc pithng ~nd roughening of the surface occurred, for reasons unknown 
at th" hm.,. which prevented the formation of smooth, planar junctions 
n1:ar tht ~urfdc~. In s1hcon solar cells and other large·area diodes, the 
1unct1on wa~ formed deeper into the material to avoid the effects of surface 
roug.hnes> Tht>;,e de\'iCl'S tolerated the higher-resistive components as­
M>OJted with dee~r diffusion, 

• \t 't "' 
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In the face of these difficulties, in March 1955, ~t Tanmbaum !Fig 
1-23] and Thomas were able to fabricate a dtffuseds1hcon transistor with 
superior high-frequency properties (for silicon)."'' They accomphsh.d thi> 
fabrication using double-diffused silicon wafers prep.ued b} Fuller and 
J. A. Ditzenberger. By simultaneously diffusing both a donor dtmtnt., 
antimony, and an acceptor element, aluminum. into a wafer of n-type 
silicon. the smaller atom, alunlinum. moved more rapidly. ah~ad of th<' 
antimony atoms to form a p-type base region wht.'r1.' it O\'etcompensat«l 
the original n -type si licon. By starting ,,1ith a greater surfaa- conc,;ntrabon 
of antimony. an emitter n-layer formed behind the ad\·anong alununum 
The result of the double diffusion, then, was an n-p-n structure "1th base 
layer width of about 4 µm. The transistor had a high-frequency cuh>H of 
120 MHz and an c:r0 of 0.97, \vhich might be correlat<d '"th about a 3-
percent loss by recombination of minority carriers (<'ll!ctTons) m tra\t'r>mg 
the base region. This would correspond to a base hlellme. damag•'<l by 
the h eat treatments, of the ordt>r of 0.1 µs. These results wt>re chsclosed. 
together with Ll'e's results on diffused germanium, at the s;ime junt> 1955 
Solid State Device Research Confer<!nce. From this work 11 "as clear that. 
in the application of diffusion technology, the less reactJ'" g..rrna­
nium '"as more tractable and controllable than s1bcon lor trdMJstor 
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development 81 Overall. the details of the diffusion process were found to 
be much more complicated than originally perceived 

Because the current gain in silicon transistors increases with current, 
p-n-p-n silicon de,;ces have bistable characteristics.82 At lo'v currents, a 
p-n·p· n diode typically exlubits the high impedance of a reverse-biased 
Junction Once breakdown IS reached, the current increases, and with it, 
the intemal current gain. Once the current gain exceeds unity, the device 
switches into a low-impedance state characteristic of a forward-biased 
junction. 

At Bell Laboratories, such diodes were extensively studied for potential 
solid-state switches because the ON-OFF impedance ratio is adequate for 
telephone switching appbcabons. However, because of the inability of the 
diode to handle the lugh currents and voltages required for the telephone 
ringer, solid-state switching proved uneconomical in the 1950s. 

If connections are made to at least one internal region of a p-n-p-n 
d1ode, a three-terminal p· n·p· n switch results. Today, this device is called 
a thyrutor (derived from " thyratrorn" and " transistor"; a thyratron is a 
gas-filled. grid-controlled tube, with two stable states, functionally similar 
to a p·n-p-n device). ThYT15tOrs have found widespread application in 
power switciung and control. 

P-n-p-n diodes were later manufactured by a semiconductor company 
started by Shockley in Palo Alto, C1.1lifomi~ iJ1 1955, at which time they 
became known as Shockley diodes. (This company spawned what became 
Silicon Valley-the area between Palo Alto and San Jose. Califomia­
which became a major center of the electronics industry.) 

The successful demonstration of diffused transistor structures by mem­
bers of the research area of Bell Laboratories prompted a reaffirmation of 
semiconductor development goals. Morton was convinced that the most 
promising paths toward high-performance, low-cost devices for Bell System 
applications involved explo1tat1on of diffusion technology and, ultimately, 
silicon as the preferred material. This interest wa.s translated into committing 
de,•elopment effort to diffused silicon diodes, diffused germanium transis· 
tors, and diffused silicon transistors, as pieces of technology critical to their 
development became available through the effort of both research and 
development groups: Low cost would follow from batch processing. a 
natural use of diffusion; and the electrical properties of silicon junctions 
were vaslly supenor to germanium, particularly as the temperature of 
operation rose. Germanium alloy transistor designs and alloy silicon diodes, 
both healthy products, were to be supported to meet customer demand. 

• Tht n:marl..tblt'. pt!rha~ Ufltqu..-. C"IL'(tncal propemes of a dean th1n film or s1J1C'(,)n dioxide 
o.1n a clean ~1 hcon (s1nglt·C'J')'Stal) surf aCY. 1 t .. !lhe clean ~ystf'm Si·Si01 , o( course, '"'ere then 
Jn~ov.: n and un.tnhop.tttd Th~ propt•nit:s, whe-n discovered, ansu~ 1hat silicon \'lt.15 

th• ngh1 c.hoKe 
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i.e., development effort would bi' confined to supporting devices already 
committed to manufacture. No further effort, however, was to be devoted 
to grown-1unction technology. silicon or germanium, alloy germanium 
diodes, or possible variants of germanium alloy transistors, a small l'ffort 
on alloy silicon transistors was canceled. 

Work was to continue on diodes designed for microwave applications 
Stimulated by Shockley's suggestion of using the transit bme delay as­
sociated with diffusion of free carriers to construct a transit time (negab,·e 
resistance) oscilla tor/' W. T. Read, Jr., in 1954 proposed that nuoowa,·e 
oscillation and amplification could be achieved by a structure employmg 
both avalanch!.' multiplication and transit time delay m a low-field dnft 
region to yield negative resistance."' The technology and ingenuity of the 
time were unable to make these proposals work Progress was stnlang. 
however, in understanding and utilizing the nonlinear voltage-dependent 
capacitance of a p -n diode to perform circuit functions. In studying fre­
quency conversion effects, A. Uhlir, Jr. [Fig. 1-26) realized that the \'anabl~ 
reactance of the diode normally led to po1,,er gain m the upward frequencv 
s hift induced by mixing a signal with a local beabng oscillator'' I.;smg a 
gold alloy diode, experimentally he obtained an up-com•ersion gam of 57 
dB between 75 MHz and 6 I 75 MHz output. M. E. Hines and H E. Elder 

f111 1 ·lo A Uhlir. Jr (•1'nil1ngl•nd I' t 5'n.l1m.ul.1">ttdl "h..•<"""'1 
"'"' \.',.1.rly '''llr\.. ''uh 1n1~T'''''.l\C d10J~ 1Ntdul.a1"'°" 
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demonstrated parametric amplification at microwave frequencies.86 They 
placed a varactor (vanable reactance) diode in a waveguide circuit such 
that II could be pumped at 12 gigahertz (GHz); they observed negative 
resistance gain near 6 GHz, as predicted by the fundamental theoretical 
\,·orl. on parametnc amplification codified by ). M. Manley and H. E. 
Rowe·- • 

In keeping Wlth the Morton philosophy of diffusion and silicon , late in 
195.5. the diffused silicon dlode was taken to the Allentown Laboratory 
for final development and design for manufacture. It was intended to 
serve the Pennsylvania location as a vehicle for learning diffused silicon 
technolog) The pro1ect was organized into a closely knit effort involving 
Western Electnc and Bell Laboratones. Prior Murray Hill work, led by 
K D Snuth, was published by M. 16. Prince, who initially supported the 
new acbvity from New Jersey 88 

DtffUS1on and silicon were the theme of a se<:ond symposium held in 
Januarv 1956 for licensees of Western Electric to bring them up to date 
on recent techrucal breakthroughs at Bell Laboratories. As a group, the 
lu:e~ on this occasion were considerably more sophistica ted and 
knuwledgeable than they had been four years earlier. Most were conducting 
profitable semiconductor enterprises, and many had acquired more man­
ufacrunng ei.penence than Western Electric. The commercial transistor 
bus•ness rested upon the manufacture and sale of germanium alloy tran­
sistors. The silicon alloy diode also served as a production base for both 
ne"· and t>Stablished manufacturing operations. About 1 million transistors 
valued at 54 8 million were manufactured in 1954, and production value 
grew to about $14 million the following year. By 1956, silkon alloy diodes 
were manufactured by perhaps 15 companies in the United States 
and half that number abroad. There was a ready, expanding market for 
both the?>e products. the technologv was relatively simple, and the price 
WaJ; nght 

From the pt>mt of view of the licensees, In the short term, diffusion did 
not .appear to be 11.mely for the needs of the commercial market except as 
an adaptive add·on technique for improved frequency response, where 
th1~ was n.oquirt>d. Thus, the symposmm aroused little enthusiasm among I 
the h~nwes to undertake and master the major change in technology 
repr~>sented by diffusion. 

The rt."COrd shows, however, that while the first diffused-base transistor 
was manufactured by Westem Electric, the first to be marketed generally­
a h1gh ·f~uency devtce--was introduced by Texa.s Instruments in the 
spnng of 1957. barely a year after the symposium. The first diffused -s il icon 
lr.lns~tor marketed '"idely was off11red in 1959 by Fairchild Semiconductor, 
a sub:.1dial)' of Fai.rcluld Camera and Instrument Corpora tion. Western 
El.'Ctrk in Allentown had introduced earlier a double-diffused si licon tran-
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sistor into pilot line manufacture. It was a switching-type transistor and 
not generally available. 

For several reasons, applications of the new, more sophisticated diffused 
transistors surfaced more rapidly in military development than in Bell 
System telephone development. From the viewpoint of the Bell System, 
11 was going to be difficult to achieve significant economic gains by tran· 
sistoriz.ing existing products in the telephone plant, many of wh1d1 had 
benefited from years of cost-reduction activities by Western Electric. Also, 
the new communications systems going into large-scale manufacture, mi­
crowave radio as an example, were being made possible by advances in 
vacuum tube technology, notably the lTaveling wave tube and the close. 
spaced triode, both of which could operate at frequencies and power 
outputs unattainable with transistors. The U.S. military. on the other hand, 
needed new systems to perform functions, often digital, not then being 
performed. This need led to different cost considerations and to a diJferent 
technical confrontation between tubes and transistors. 

A major segment of military systems development at Bell uboratories 
after World War 11 was in the Nike ground-to-air radar-guided n\isstle 
systems, under contract to the U.S Army in cooperation with Douglas 
Aircraft Company, the missile contractor. Nike Ajax and Nike Hercules, 
both antiaircraft systems, were designed. manufactured, and deployed 
during lhe late 1940s ~nd 1950s. (Sec National Seroice irr War and Peace 
(1925-1975), for a discussion of Bell System involvement \\ith the armed 
forces.) Concern over the potential Soviet ballistic missile threat led the 
Army to ask Western Electric and Bell uboratories to de\'elop a radar 
missile system designed to intercept incoming ballistic missiles anned ";th 
nuclear warheads. The new antiballistic missile (ABM) was called i\ike 
Zeus. Bell Laboratories military designers at the \Vhippany, l\:ew Jersey 
location worked with transistor developers to arri\'e at transistor circltit 
functions, many digital in nature, that optimized the design specifiration 
of the transistor to the circuit. Functions that these drcuits performro were 
to convert analog quantities accurately, like radar measurement of range 
or t h e pointing of an antenna, to digital numbers thal a computer could 
then manipulate. Thus the military system requirements, passed on to the 
diffused-base transistor developers, were for tra.nsistor oscillators capable 
of operation in the hundreds of megahem range, radar mtermediate­
frequency (IF) amplifiers, and video amplifiers-all of very !ugh reliab1hty. 

By means of much thoughtful planning. the system design needs were 
evolved in parallel with the diffused-base transistor development and design 
efforts, and also in parallel with creation of the productJon fadlilles and 
expertise to supply the quantities needed, both for development and pro· 
duction systems. This came about over a period of ttme through a common 
desire of Army personnel and Western Electric and Bell Laboratones leaders 
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and engineers to accomplish several ob1ectwes m a timely and cost-effec­
D\ e "n 

De,·eJopment responsibility for the diffused-base germanium transistor 
rested '-1th Ryder and Early in the development area at Murray Hill 
\tJbtary fund.mg was available to support development of designs for 
military appbcabons. Manufacture of devices for military systems was 
centered at the Laureldale shop o( Western Electric's Radio Division, a 
faohty that had been acquired and equipped using government funds for 
Uus purpose in 1952. Bell Laboratories design support to Laureldale, which 
was the predecessor of the Readmg. Pennsylvania plant, came both from 
the Allentown Laboratory and from the Murray Hill location. Military 
supph· contracts initiated in 1956 accelerated the availability of the new 
transistors These contracts called for delivery in quantity of high-perfor­
mance devices, 1.e. beyond the capabihbes of alloy and grown-junction 
technologies Theronttads paid for final development work, the resolution 
o( small-scale manufactunng processes, and the production of samples 
for orcwt and systems development use, mcluding reliability assessment 
The Signal Corps also had fund5 avatlable to establish production facilities 
under so-called preparedness contracts. 

In the spnng of 1957, there were problems of supply, reliability, and 
cost at Laureldale with the new m1l1tary devices. W. C. Tinus, Bell Lab­
oratones mihtary vice president, and L. C. Jarvis, the Western Electric shop 
manager, approached Morton with the proposal that a branch laboratory 
be set up at Laureldale. Morton responded by forming a task force to 
attack and solve 1he problems. 5. 0 . Ekstrand, of Bell Laboratories in 
Allentown, the task force leader, was supported by knowledgeable per· 
sonnel on loan to the task force from Murray Hill. Allentown, and Western 
Electnc The task force was greatly ass1Sted by the work of a commHtee 
of de'1ce people and military systems engmeers, work that specified ex­
pbo11\ the types of de-1ces 10 be designed and manufactured at Laureldale 
The list included diffused germanium and s1bcon transistors, silicon diodes, 
and aJlo\' trans1s1ors. Dates for complebon of the vanous tasks were also 
St>t The task force operated daily at Laureldale, performing its assignments 
c:lu4!ctly on the manuiactunng floor-a new and effective method of pro · 
cedu r<' for BeU Laboratories and Western Electric-except when lack of a 
parbcular faahty necessitated a tnp elsewhere. The task force effort resulted 
in mdust:r)'·coded devices such as the diffused germanium transistor 2NS59, 
the stl1con diode 1N673, and later the diffused silicon transistor 2N560 

Mort> speafkaUy, the Laureldale germanium diffused-base codes were: 
21\:559, a 20·MH.t switching transistor; 2N509, an oscillator capable o( 

prllduong 100 mW at 100 MHz; 2N537, designed for 100 mW at 250 
MHL and 2!'1:694. for small-signal video apphcahons. The 2N694 offered 
a gain of 15 dB i.1t.h 25- to 30-MH1 bandwidth. These devices, with 
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internal doping similar to Lee's p-n-p, had a 0.001- by 0.002-inch aluminum 
emitter stripe separated by less than 0.001 inch from a similar rectangular 
gold stripe, which contacted the diffused-base region. Electrical contacts 
to the stripes were made by small gold wires that were thermocompression 
bonded to the stripes, a process developed by 0. L Anderson, H. Chris­
tensen, and P. Andreatch.89

·
90 [Fig. 1-27] The thermocompression bond 

was a timely solution to a perplexing problem: how to attach connections 
to the tiny electrode stripes. In this process, an operator used a micro­
manipulator and a microscope to align a 0.001-inch gold wire to the stripe. 
Bonding was accomplished by pressing a hard wedge down on the wire 
with the application of heat. Subsequently, the wire was drawn to a header 
post where a second bond was made. This operation in large part accounted 
for the sight familiar in the early transistor industry: employment on the 
production floor of many operators seated at bench tables, looking through 
microscopes and delicately operating micromanipulators. Definition of the 

Fig 1- 27. (Left to rii;ht) M Cltnst<!\S<'n. 0 . L And••r><>n • nd P An 
drcateh. dc-vclopcrs or thl'rmOC'llmpre~ion bondJng 
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collector 1unction area was accomplished by etching away the top s urface 
of the germanium die outside a circle endosing the emitter and base strips. 
This process !armed a mesa-a tiny. flat mound stancting above the exposed 
base roUector junction and the collector material below-and the general 
structure became known as a mesa transistor. 

As belore. a vacuum-tight encapsulation of the transistor was found to 
be necessary (but in itself not sufficient) to attain high reliability . Proven 
techniques of encapsulation were bol!Towed from electron tube technology 
to accomplish hermetic sealing. As shown in Fig. J -28, three Kovar•-to­
glass seals brought three lead wires through the bottom Kovar header. 
(Kovar IS a special alloy suitable for glass-to-metal seals.) After the transistor 
was connected to the three lead wires, a can shaped like a top hat was 
sealed by a weld to the outside rim of the header. A small tubulation 
through the top of the top hat permitted final vacuum exhaust and other 
desired processing before sealing the tubulation. 

The Kovar piece parts, 1.e., the Kovar header and can, were plated with 
nickel and then with gold to avoid corrosion and subsequent hydrogen 
ion penetration. The gold-to-gold header-to-can interface would weld under 
moderate pressure and at a temperature the semiconductor system wou.ld 
tolerate. later, a copper surface was added to each piece part, and a 
copper-to-copper cold weld was shown to give satisfactory results. The 
tubulabon was sealed off by mechanically pinching together and cutting 
the tubing. a cold-welding process in which, again. copper performed 
sansfactorily. 

The wire leads (Kovar) through lthe glass seals became stubby posts 
inside the header enclosure. These posts were gold plated, and the collector 
side of the germanium die (or chip) was alloy bonded to the header, 
making contact to the collector. This process was improved by introducing 
a ~mall .. prefonn" of gold-germanium eutectic mixture between the die 
and the header pnor to alloying. One of the leads was bonded to the 
header to become the collector lead, as seen in Fig. 1-28. The gold wires 
from the emitter and base stripes were bonded to the two remaining posts, 
completmg the electncal connections to the lead-through wires. 

Exhausbng the gas from this structure through the tubulation and then 
se.lling the tubulation at a reasonably good level of vacuum did not yield 
devices of adequate reliability. The vacuum-tight enclosure was necessary 
to pre,•ent water vapor in the ambient atmosphere from penetrating to 
the transistor p·n 1unctions. Simply pulling a vacuum, however, did riot 
eluninate traces of water vapor, stray ions, and other forms of uncleanliness 
that remained absorbed and/or attached to surfaces inside the sealed can . 
High-temperature heating (baking) during exhaust was traditionally an 
effective means of eliminating the offending molecules; however, the ma-

' Tr•demulo. of Carp<'nl•r Tt><hnology Corp. 
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Fig. 1-28. The l..\ureldale 2NSS9 trans1Stor m •so-coiled T0-18 pack>g• 
(>) Front \iew. (b) Thr.,, Kovar-to-glass seals brought the lhrtt lead 
\Vires through the bottom Kovar hea.der. (c) Top inti!nor vu~w Th.- .... -u~ 
leads bc<'.lm' stubby posts in.sidl" 1he hl"ader On~ post "''M bent .ind 
welded to the header to become the colle<tor lead. (d) Enlilr;;ed '""' of 
chip dnd '"'iff'S connKting chip tu po.sts. 
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terials sys1ems of the transistor could not wilhstand a baking temperature 
nearly high enough for adequate purification. So reliance was placed on 
several unsophisticated procedures that, in the combinations employed. 
gave an empirical solution to the problems. Very reliable transistors resulted. 
The procedures included: moderate temperature bakes and dry gas flushing; 
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a.ssemblv m "dry boxes," which had rubber gloves for the assembler's 
hands ~aled mto openings m the wall of the box; introduction of a getter 
consistmg of unreconstructed Vycor' (a glass frit) to absorb water vapor 
and thus decrease the likelihood that the troublesome molecules would 
o.ettle on a sensitive site, for ~ample near the collector junction. 

The diifu...d-base mesa transistor was a very good product, but it was 
important to find out how good. This, in principle, could be determined 
from measurement of devKe failure rate as a function of time and from 
a knowledge of failure mechanisms. The latter could be determined from 
autopsies of failed devKes by diagnostic experts in the laboratory. The 
former detemunation of failure rates, presented an a'"kward problem of 
numbers and hme. If the transistors were a sound product with a long­
time failure rate of 0.0 I percent per I 000 hours, then a life test performed 
under rated condition~ on a sample of IOOO transistors would tum up 
onl~ about one failure after one year of continuous testing. To improve 
the sta~i1cs and confidence in the result, both longer times and larger 
samples needed to be introduced into the reliability test plan-making ii 
all th~ more costly and time consurning.t Clearly, faster and cheaper means 
than brute force We lei.ting needed to be found to evaluate transistor 
reliability 

The uureldale 2N559 transistor was chosen as the principal vehicle in 
a progrom to learn more about evaluating transistor rc:li:>bility. To meet 
tis sp.-aficabons for application m Nike Zeus circuits, ii had to have high 
rehabiluv . II was also available in sufficient quantity; ITansistors from in­
div1dual production lots could lw identified, and thus their exact process 
hJStory t.'Stablished B. T. Howard and G. A. Dodson solved the numbers 
problem most elegantly by devistng a method of accelerated aging.91 Called 
step-stress aging. this proc~ applies stress in uniform increasing steps to 
a limtll>d sample of devices for a fixed time interval at each step until all 
dev1~~ fail From the high failure rat~ obtained at the high values of 
;~s. 11 IS possible to predict the much lower failure rates under normal 
opt>ratmg conditions. 

With the aid of this technique, D S. Peck (Fig. 1-29) was able to char· 
actente the 2N559 transi~tor as delivered from Western Electric manu­
focture."1 1 le found that tlus transistor had a more than n.>spectable reliability 
fatlure rate of nearly 0 001 percent per 1000 hours (10 failures in I billion 
hour..-or 10 Failure unlTs (F!Ts)), adequate to meet the stringent reliability 

' fr•dml.arlr-. uf Coming Cl•'-• \\'urU 
f fu ~ abf(' U) l'tt•bh,h thtt 11 dl:\'l(t! WllJ perform ((IT• gtVcn number of YE-41'5, iO sencr41 
th~ dt't1C\" mu~t tu-..._, t-.\j~tcd (or .an .appf\'ClAbl~ fr•rhun uf th11 um~ Fur t>>..•mplc .• 1 20· 
\t.·•r f,ulurt ft.."-' hie ""'') 1h~ d:l"ign (.lb1l'C11v~ for tht lu~i in the rl'pcater> u( the ung1n.il 
-.u~nunn.. 1rlvphi.mt c.;blr \)'\ll'"m Wh,•n tht' flr~I trJRWllJntlC' c:11bll• w•" li.1hf In 1954, the 
dl-,.l>;f\ uf tht' \llOJUm tubto, t.n thr ~ubmi:rgl'<I rcpt·-.11:r'i Wil'!i two dt<4d"* l.'.lld 
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Fig. 1· 29 D. S. Peck. " 'ho implemented n-lubthi) chonnnu.anon 
process~ and cntena that permuted stnnge1u rt-habthty nqu1rements 
to be m~I for trans,LStors 

SS 

needs of Nike Zeus. The elusive property of solid-state reliabihty. somehow 
foreseen from the early days of the point -contact transistor. was thus 
achieved and demonstrated for the first time. 

By mid· 1958. \-Vestem Electric germanium transistors of thJS g~neral 
type were encircling the earth in Explorer and Vanguard satelhtt:s At the 
Whippany loca tion, the Bell Laboratones designers of mihtary syst~rns 
were convinced that enough experience with transistor digital circuit> had 
been gained to allow a confident commitment to a very large system hki! 
the Nike Zeus ABM system. Anticipating the lead 11me required for large 
production. the Signal Corps in the fall of 1958 asked Bt'll Laboratories 
to select and qualify two second sources of supply of Nike Zeus transistors 
in addition to Western Electric. The selection process was initiated but not 
completed, as Nike Zeus was destined not to go into production. If second 
sourcing of the 2N559 had occurred. the intent of Bell Llboratones and 
Western Electric was that each second source duplicate exactly in its hnes 
the Western Electric production processes and procedures, not just produce 
a transistor that conformed to the 2N559 performance spec1ficat1ons. The 
feeling was that true device interchangeability could be ach1~ved only 
through similar processing. 
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By the fall of 1958, the success of the Laureldale task force led to visible 
changes there The Western Electric facility, originally a silk mill, grew 
from a few hundred employees to over 2000, and was upgraded from a 
shop to a plant designation. Also, Bell Laboratories established there an 
independent branch laboratory under the direction of Ekstrand. This m ove 
was followed in a few mont~ by a decision actively to market Laureldale 
senuconductor products more generally. ln contrast to entertainment quality 
de,~ces, so-called Hi-Rel transistors, distinguished by both h.igh reliability 
and lugh performance, were not widely available in the marketplace. So 
there was an outside need for a product that happened to mes h with a 
strong desire of Western Electric and Bell Laboratories engineers to build 
up production rates and thus acquire more production experience sooner. 
The engineers were convinced. th.rough knowledge o f learning curve stud­
ies,• that transistor unit cost is related to production experience: those 
who acquue the production experience will tend to have the lowest cost. 

The deos1on to promote external sales not only satisfied the engineers, 
it also expressed the &a les interests of Western Electric's Radio Division, 
which operated the Laureldale plant, and coincided with the interests of 
the Signal Corps. The military had funded the facility with the general 
purpose of making state-of-the-art products available on a timely basis 
for use in military systems External sales of high-quality semiconductor 
devic<>s would augment the L.i11reldale product line. II became apparent 
that m order to cover both the internal and external markets, it would be 
necessary to establish a sales engineering force. Accordingly, a group of 
sales engineers was assembled a t Laureldale. 

To help m stabilizing the Laureldale production operation, the magnetron 
production facility, together with pnncipal personnel, was transferred from 
St Paul, Minnesota. The maior production consisted o f two magnetrons: 
the 5780, a tunable X-band 250-kilowatt (kW) tube, and the 5795, a tunable 
S-band 1000-kW tube. The new Laureldale Laboratory was assigned design 
respons1b1htv. It also initiated Anal development of a coaxial -cavity mag­
netron conceived by). Femstem (see Chapter 3. section 3.3). The I 00-kW 
tube designed for the Ku-band was coded 7208 and was introduced into 
the magnetron produchon llne. 

Thus, bv the end of the 1950s, Bell Labora tories had solved mos t of 

• A Je.irn1ng run" 1'1 .a phn l>f unit cost (u~uall)' log (O)I) \'er.,u~ accumulated product1un 
(us.u•ll\• JU8 pr\>d1.1ctwn) of .a W"'Cfli prodocl, m which urut C<>St dtcrl'Ol!-t.~ m<>notonically w ith 
occumul•1od producuon ryp1ully, the slopo of the curve as round lo be a 20· 10 30· pcrcenl 
rt"duct1on 10 CO)t (or ("•Ch dvubhng or rumulolhl.t' product m;lnUflctUrcd 1 h1) l'mpir)Col) 

rtlotit1on.sh1p ''a) 6n1 not .. -d 1n the- •1ra•ft industry dunng World War II Luter. it '"'as (ound 
tu •ppl)' "' -.ruum tubt' produt't1un and wa. 1hon b<!h«V<-d (IJI<' 1950.) 10 apply to tronsistor>. 
Thi hi\ ''""' b<.n •rrtfiod 
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the reliability problems in germanium transistor produCbon and pa\'ed the 
way for future introduction of high-quality, inexper15ive transistorized 
products. 

5.3 Improving Silicon Technology 

While z.one refining as a technique for punficabon of gmnaruum worked 
very well, as indeed it did with many solids, it became a partial fatlure 
with silicon. The problem resided m the boat. or cruoble, for holdmg the 
silicon charge. No material for the boat could be found that did not react 
with molten silicon. For example, the least reacbve container matenal. 
very pure fused quartz., reacted with molten silicon, releasing contaminants 
(mainly oxygen} into the melt. To circumvent this problem. Theuerer m­
vented an ingenious technique called float zorung that elimmated the 
crucible."·•• I le employed a vertical rod of silicon damped at both ends. 
With an induction heater. he formed a short molten zone mto which the 
molten silicon was confined by surface tension. The z.one was then passed 
along the length of the rod by moving the rod with respect to the heater 
coil. This method removed impurities in silicon \\1th the important exrepbon 
of boron, which was not segregated efficiently. (See also Phy;1(a/ Sc1t11(ts 
(1925-1980), pp. 582-583. which includes illustratlOn5.) A speaally devel­
oped chemica I process for removing boron corrected thiS delioency The:.e 
techniques, plus the Pfann process of 1.one leveling. 0 produced single­
crystal silicon remarkably free of unwanted impurities and also uniformly 
doped with desired impurities. It was a splendid starting matenal for 
diffusion . 

The surface pitting on silicon, which occurred dunng high-temperature 
diffusion experiments, received attention from both the n!Search and de­
velopm ent areas. Un til 11 was brought under control, tran5istors "1th close 
emitter-collector spacing could not be made with good >~eld Th~ solubon, 
easily explained i1' tenns of simple chemical thermodynamics, \\'as found 
by C. J. Frosch and L. Derick.•~ The)' dLSCovered that by CO\ enng the 
silicon with a thin film of silicon dioxide, the diffusion could th~n be carried 
out without surfoce pitting and roughening. The oxide protecbon "'as 
formed in the diffusion furnace by simply exposing the silicon to o\vgen 
al n h igh temperature. The subsequent diffusion " 'as earned out under 
conditions such that the ox1d12ing potential of the earner gas (generall~· 
by the addition of water vapor) favored formauon or 510, ratht'T than 510 

Frosch found this solution in the course of his cffon to de' elop an open 
tube diffusion process to replace the cumbersome vacuum-ttght sealed 
systems. Protection or the silicon by an oxide lay\!t \\'ilS the 1.ey to the 
process For a long time, his experimental runs wt're damagoo by o\lde 
pitting, giving poor diffusion layer profiles One day. ,,•htle h~ """ \!'· 
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penmenting with a hydrogen gas atmosphere, the hydrogen accidentially 
1gruted inside the diffusion tube, addmg water vapor to the system. This 
nrne the surfaces were smooth. ~\11th this discovery, pitting w as easily 
e"<Plained as due lo lh~ n.ductlon or SiO. IO SiO, which is volatile. 

Frosch and Derick went on to use properties of the thennal oxide for 
the very important technique of oxide masking. which is now used um­
Htrsally (together with photolithography) for selective, localized diffu­
sions •1

"' They discovered that Si01 a few thousand angstroms (A) thick 
on the surface would prevent the diffusion of (i.e., mask) certain diffusants 
while bemg transparent to others. For example, an SiO, layer m asks dif. 
fusion of phosphorus; thus it protects a p-type base layer while permitting 
formation of emitters by phosphorus diffusion through windows etched 
m the OXJde layer The technique was a natural batch process. (See also 
Physical Scitnrts (1925-1980), pp. 607-608.) 

Prease etching of wtndows was accomplished by photolithography 
techniques whose applicabon to silicon structures was pioneered by J. 
Andrus and W L Bond .•"~" Andrus laid on the surface oxid e a layer of 
photosensitive polymer that was also etch resistant (i.e .. a photoresist). 
The polymer was exposed to light from a mercury lamp through a mask 
that ~haded the small emitter window areas. After exposure and removal 
of the mask. the silicon sample was unmersed in a photodeveloper solution. 
A subsequent '""sh an water de1on12ed for cleanHness removed the unex­
posed polymer coating. forming the emitter windows in the p hotoresist 
through which the oxide below was removed by an etch. The remaining 
photores1st coating was then removed by an organic solvent Thus a pre­
os1on·con1rolled opening for the subsequent emitter diffusion was made 
m the oxide. which becomes the mask for this process. 

Whale the photoluhography technique is described above in terms of 
an emitter fabncation process, it was actually first used by Andrus as a 
technique to delineate the device structure of the silicon stepping devtee 
of Ross, L A D' Asaro, and H II Loar, as discussed in Chapter 2.9

' 

Pri;rut control of the than transistor ba.se layer- a requirement for both 
good yield and higher frequency- was best achieved through a special 
two-step diffusion, a prcx:ess developed by B. T Howard.100 Howard used 
a predeposition of boron, which formed both a borosilicate glass deposit 
on the surface and a boron-diffused region a short distance into the silicon 
The glassy boron deposit, a surface source of diffusant, was then removed 
Chl•mically The boron atoms remaining in the silicon were diffused fur ther 
by a high-temperJture drive-an step In effect, I loward's predeposition 
deposited a sttt number of dopant atoms in the silicon and arranged them, 
by the later dnve-m, into a carefully constructed base layer . Much later, 
the 1n111al number of atoms could b<' preset more prec1J>ely by ion im· 
plantation (see Chapter 2, Sllellun 4 4). 
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About this same time, mid-1957," the mysterious and wonisome source 
of lifetime degradation in silicon during high-temperature diffusions was 
identified.102 The offending material was gold-m minute amounts. One 
part in a billion was enough to cause deterioration The solution had m 
fact been found earlier but not applied to trnnsistors.1°11°' Gold prefers 
nickel to silicon, and a nickel plating of the silicon shces could be earned 
out prior to diffusion to getter the stray gold atoms. A short tune later, 
gold was deliberately introduced to kill lifetime in high-speed (fast-recovery) 
diodes in which "Jong" lifetime contributed undesirable delay; for the 
delay to be as short as several nanoseconds, then the lifetime must also 
be as short. 10•- 106 Long-lifetime silicon material, free of gold deathnium, 
found its real home in p-i-n pow·er diodes, wherein the long lifehme 
contribu ted to lower effective internal resistance, by conductivity mod­
ulating the high-resistivity region."" 108 

Thus, the bulk properties of both germanium and silicon could be con­
trolled well . In a straightforward but expensi\'e way, materials saenttsts 
could make I 0,000- to 20,000-ohm cm (!l cm) silicon (i e., intrinsic silicon 
at room temperature) with millisecond lifetime by the float zoning method 
Primarily, only second-order effects remained as speaal problems, such 
as the origin of a remaining I -percent resistivity change dunng heat treat­
ment of silicon. More thought on materials was turning to m-v compounds, 
the interrnetallic compound semiconductors fo1U1ed from the th!!d and 
fifth column of the periodic table, e.g., indium phosphide and gallium 
arsenide (GaAs). Following the pioneering work of H Welker at Siemens 
in Germany, 100

•
110 assessment of compound semiconductors was undertaken 

by a group led by J. A. Burton. GaAs, it turned out, was promising because 
of its higher energy bandgap ( 1.4 electron-volts (eVD compared to silicon 
(1 .12 eV) and because of the high mobility of its conduebon electrons 
(8500 crn2 /V-ser:) compared to silicon (1500 cm>/V-sec) Also, high-re­
sistivity GaAs material was becoming available for de,~ce ,,·or!.. through 
the application of crystal growth and purification techniques alread~ de­
veloped for silicon. 

• This 1s Jtso th~ limo 1ha1 l<o Es•ki ol Sony. on J•pon. d.>rn\md 1h< IVM•t diock '" llr 
obM·rvl>d •' nc~~i'ltive rt.'SU~tance region. at ,\ vo1t.1ge of .lp-pri.'1'1.m.1lf>h• 0 1 \" int~ fo"°'.ard 
cunenl ·volt~g~ charactenSt1C or Q hL•.ivdy duped gcnn.inu,1m p·n 1t1ncfk)ft H~ 1n!(1}'T'-tt:J 
the charnctcnstlr In t(.•nns u( qu"'ntum mC'Ch;in1ca.l tu.nnthng of m.atont\' 1tl«trun~ frt>m 1hr 
\'i1ll'nrt.' bJnd through the pc.>IC:i"lh~I b.amtr .-1 the 1unc·uon . .aNt.;~ ta ~ rhm~tn~'f'I 
kno, .. •n a~ f11.•ld ~·n\l~iun .at the ~ur(.itc ol .l ((lnducior \,·hen• 'm ht.sh tl«tne 6r-ld l•l'-out 
tO' V /cm) is »pphod. IVh1lo n<"g>h\'e l'<'<l>lal\C\'"' • ,,,u.~nO\>'!I oU>d-'ul<lfr<11n ""'II\'""" 
the fu,,'lki cffl'ct '""'s r,:rognltOO a!! unu,,ual ,,·hen 11 '''11'!1 tt.tb.r.td th.11 th«' tunn~bn~ ttmr , .. 

vtry ~hor1 compart.•d to convention.ti trJ.ru.i~ Urru.~ Mia ncg.aiU\f' lt'lliW'l<'l' .. ~"'"'"' ll ~~ 
b4.• opcr,, ll"<t 1n l he n\ICfO\'IO vc rq.\11Jn ~nd \'\'ell 1n10 nt11l1mrt('1 ·"' 1\ l' f l't\fUl'1'1(Jt" 



60 Enginttri11g and Stie11ct i11 tlte Bell System 

Vt TRANSISTORS/ DIODES FOR BELL SYSTEM APPLICATIO NS: 
FALL 1957 

A carefully selecled array of differenl devices had been developed for 
Bell System applications by the autumn or 1957. A description of these 
de,~ces tllustrales the stale of the transistor art at the dose of the transistor's 
first decade. The characteristics listed in some cases were design objectives, 
no1 all of wluch had yel been achieved. 

6.1 Two-Region Dtvices-Diodts 

b I 1 Pouttr /l.rc11firrs 

Made of silicon by diffusion lechniques, 1he structure was n • -p-p'.• 
The heavtly doped p· segment reduced forward resistance and made pos-
51ble • i;ood ohmi' cont•ct to the external leads. There w"r" 1hrec sizes 
for maximum forward currents of 0.1 ampere (A), 0.5 A, and I 0 A. Reverse 
saturation currenl al room lemperature was less than 5 microamperes (µA), 
except slightly higher for the IO·A code. Peak inverse voltage was at least 
200 V (600 had been achieved). Recovery time was about 5 µs. All devices 
had a forward drop of less than I V at rated currents. 

b I 2 Computrr Dwdts 

These were p··n-n• sthcon devices made by diffusion. Their rated char­
aclenslics were: current, 50 milliamperes (mA); reverse voltage, 45 V; series 
rl'!>istance. 30 !l, capacilance, less lhan 4 X 10 17 farad (F): reverse saturation 
currenl, le~s than 10 •A al 10 V; forward drop, less than 0.7 V at 2.5 
mA; recovcrv llm~. less than 10 •sec. The fast recovery time, essential lo 
the computer diode application, was achieved by the combmatJon of low 
capaeilance (small diameler). low series resistance, and short lifetime. At 
that bme. short ltfehme was ach ieved by quenching the origina l crystalline 
matenal from high temperature or by electron bombardment; both treat · 
m~nts disrupt the regularity of the underlying crystal lattice. 

b 1 3 lntrrmrd1atr·Sprrd Pc>wrr Diode 

Thi!. ~tructure was a diffused silicon n • ·p-p • diode to be used in e lectronic 
sw1lching for 5uch things as core drivers. Its charactenslics were s imilar 
1u power diode!> w1lh l ·A raling and 0.3·µs recovery time 

• 'on11•nrl111ture n• n1e•n\ much mv,.c ht!CJVily duped millt•rial (i.l', mori· dvnor acum ... lvwl'r 
rl"'il\ll\'11\') lholn n l.:t1.nul~rlv p~ I\ ffi\ttt' hc.tv1ly dt1ped with acccplur• than p 
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6. 1. 4 Voltage Limiters 

These were n ' · p· p' di ffused silicon devices. They were dt-s1gncd for 
ten values o f voltage between 6 .2 and 150 V, rated at 3-W d1ssipahon 
continuously. A larger-area device to be used as a surge protector could 
dissipate 1 kW for 0.5 millisecond. For limiters below 6 V, forward ·b1ased 
silicon diodes were used . These could be stacked to give voltage hm1ts m 
multiples o f 0.7 V, which is a characteristic of silicon junctions 

6.2 Three·Region Devices 

6. Z.1 High-Frequency Guma11i11m Tra11s1slors 

These transistors (3 codes) were p·n· p germanium with a base regwn 
diffused to a depth of I µm and an aluminum-alloyed em1tte1 1unct1on 
Leads were attached to both the alloyed and d1Jffused layers by the new 
thermocompression bonding technique. These de-vices had bandwidths of 
several hundred megahertz with th11 "best .. specimens observed to osalla1e 
at 1300 MHz and higher. Applications were as osollators, vide<1 amplifiers, 
and small-signal amplifiers. 

6.2.2 Hig/1-Frcq11mcy 5ilico11 Tra1rsrstor 

This d evice, a diffused-base, diffused-emitter n·p-n silicon transistor. 
was being developed as a switching transistor Its high-frequency perfor­
mance (frequency cu to ff) was at least ten times f()wf.'r than the germanium 
devices being devdoped As a switching transistur. its total switching hme 
(which includes tum-on, storage. and tum-off) was less than 0.1 µs with 
a collector current of 30 mA. Anticipated applications were gates, fl1p­
Oops. and similar digital functions in switching .and computer systems 

6.3 Fou r-Region Devices 

6.3.1 Ttvo-Tcrr11111o/ Bistnlllr Swrlclr ISlrorUry Drodrl 

This device was a diffused silicoll r-n·p-n structure with base laye~ 
7.5 to 50 µm. Typical characteristics were: breakdown voltai;e, 50 V; tum 
on current, nominally I mi\ but contTollable from 50 µA to 100 mA by 
high-energy electro n bombardment; OFF 1mpcdan('('. JO' fl, capanlance, 
less than 20 picofarads (pF); dynamic ON impedance, il"" than 3 U, ON 
voltage drop, somewhat greater than 0.7 V Thi~ drv1cr would >witch on 
in nanoseconds and off in tenths of microwconds. Applrcallons mdudcd 
talking pa th switch, function generator, flip-flops. etc 
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o J Z Thrtt Ttrmm•I 81stobk Sw11cl1 (T'/ryristor) 

With the addition of a base contact to the two-terminal bistable switch, 
the device can be turned off by introducing a signal current through the 
ba~ lead. This current, however, has to be nearly equal to the contro lled 
current-quite different from the tum-on condition in which only a small 
control current 15 required. 

6.4 Appliatio1U 

\\11thm the larger Bell System framework. diffused-base germanium as 
a technology had matured before big system demands occurred. e.g .• e lec­
tronic >Wttchmg systems. Therefore, its use was limited, principally in 
transmission applications, among these the first transistorized s ubmarine 
cable The first broadband (6 MHz) submarin e cable syste m (designated 
SF) was laid m 1968. When the decision was made some years ea rlie r to 
design its trarisistorized repeaters. silicon technology was in a s tate o f flux, 
undergoing rapid evolution. Germanium devices were both b etter known 
and bt!tter understood, and they more nearly met the time criterion (see 
footnote, p. 54) of having existed a number of years as a mature technology. 
Even so, several changes. primarily in the metalization technology, were 
introduced m 1962 along with dimensional changes to improve the s tability 
and rcl1ilb1Lity of the devices for the submanne cable '1pplicatio n . Also, 
the collector was brought under control by means o f a deep diffusion of 
zmc to make 1t more p· type (p · ). The operationa l performance of the SF 
cable systems has been as impressive as the remarkable performance of 
its two narrower-band predecessor systems, both based on vacuum tube 
repeaters. Jn the early 1970s, the SG cable (30 MHz versus 6 MHz) was 
designed around a double-diffused s ilicon transistor developed and man­
ufactured at Western Electric in Heading. This cable was laid in 1976. 

VII. PROGRESS IN SILICON TECHNOLOGY ANO DEVICE 
STRUCTURES 

7.1 Eplt.ixi•l Tr1nsiJtor 

The speed, or cutoff frequency. of a diffused-base transistor could be 
increased by narrowing the collector region. The electrically usefu l part 
of the collector was perhaps JO µm, whereas the collector thickn ess in 
practice was JOO to 200 µm This dimension was set by the thickness of 
the thinnest silicon wafer that could be handled without excessive breakage. 
The additional collector material contributed series resistance (called "se· 
nuus" n.'SiStJnce m the Jab), which degraded frequency performance. A 
~able w lution to thi~ problem would be to grow o thin laye r o f hig h­
tl'>•sllvtty s1nglc-c:rystal silicon (i.e .. material suitable for good collector 
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characteris tics) on a thick substrate of low-resistivity (i.e., low senes re· 
sistance) materia l . Such a thin liim, or layer, is called an epitaxial layer II 
its orientation and lattice s tructure are identical to that of the substra te on 
which it is grown. (Actually, it is isoepitaxial if the atoms in the film and 
substrate are idel!1tical, but this term is rarely used.) A group led by Ros& 
initiated development to provide an epitaxial silicon layer in which a 
diffused -base silicon transistor could be made. 

The effo rt o f that group could build on previous wor.k by Christensen 
and Teal, who ha d demonstrated the feasibility of depositing germanium 
epitaxially on ge rmanium in the mid· !940s.'111 For s1hcon, the process 
involved, under super-clean conditions, the thermal decomposition of a 
gas, SiCl4 for example, onto a substrate of single-crysta l silicon heated 
comfortably belo w its melting point. The resistivity of the layer could be 
established separately. and in any case it was independent of that of the 
low-resistivity substrate. The development was successful; the epitaxial 
layer could be made of device quality. At the June 1960 Solid State Device 
Resea rch Conference, Theuerer, ). ). Kleimack, Loar, and Christensen de· 
scribed the new, practical epitaxial transistor. in which transistor structures 
had been fonned in an epitaxial layer by diffusion.111(Fig. 1-30) The epitaxial 
technique was anticipated to be broadly and generally applicable. as indeed 
it has turned out to be. 

C.01..UClOR 

' 
' 

F1g J ·30. Ep11a.)..i11l d1ff U.Sl'<I tt.\n.Sl."itUf A lhin 1-')'\.'r or tugh·r\'SbbVlt)· w.bcm1 
gro"'n UI\ o lo\v-r\•tio1),tlv11y substr.11<· tdenhc~I in 1-1-thCt strutlUtl' ~nd un 
\'Ot\\th)r'l- an ~·plt.lxi.11 1 .. yc•-'orms lhe n1Atena1 tn '''hich .t d1flu'!N ·b.i'J<' 
tr01n'i~tor i~ rn.ldl', Th,• IU\\'•re5b,tlvlty substrate slgruRcllnlly TtodUcl'CI J.cnes 
rt.•slstl\nfl1, avoiding., m011ur problem ~~>.pctni:nc,'<11n non~p1t.t~litl \tru(tutl') 

• 111oy l.tl1'f pll>pn>t'd formin~ .t 1r.11"l~t11r by grr111in~ IU(W>)iw 1Ay1't'j uf Uf'f""'IW ronduct1•11y 
typ1,,1 fill~ 01ppro.1CI'\ had f\01 ptO\ll'd pr"ctlcal, hlJ\\'\'\ 1,,•r. pnn1.tnl)' bt.'<'.&Ut.e Q( lhl' d1f6cuhy 
In ft>r11\illH p·n Junction~ gnod cnoujth (or tr1U\!il'ltlOr o\t11UO 
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7.2 Oiddr Subiliution a.nd th• Mwl-Oxid~Semiconductor Tr.i.nsistor 

From early transistor days, it had been recognized that the properties 
of a p· n 1unrtion. where it reaches the surface, affect both the fabrication 
and stable operation of silicon and germanium transistors. Furthermore, 
it was well lcno-...n that the conductance berween the emitter and collector 
of an n- p-n transistor, with base floating, was increased by the presence 
of a channel over the p region A channel was a surface layeT of opposite­
sign conducbvity (n-type on p), an inversion layer, whjch could arise, for 
example, from the local electric field associated "~th ions absorbed on the 
surface 

It was these surface layers that obscured the early field -effect experi­
ments. Inversion layers had been stu<lied extensively at Bell Laboratories 
by W L. Brown. Brattain. C. G. B. Garrett, and H . C . Montgomery113• 11• 

and others.'" With the adoption of oxide covering and masking techniques, 
the properties of the interface between an Si02 layer and silicon became 
very IIllportant to understand and control. M. M. Atalla headed a group 
whose responsibility was surface properties and related Si02 growth and 
characterization In their studies, Atalla's group soon discoveTed oxjde 
pasSJvabon, the stabilization of silicon surfaces by clean, thermally grown 
OX1des.11

• They also <liscovered that working with oxide films was a con­
tinuous fight to keep the films and interfaces free of contaminants. 

The observation of oxide passivation was an important due that gu;ded 
the d1recbon of future bipolar device development. It suggested that p-n 
1unctions emergent at a surface could be protected by a covering oxide 
and that channels could be avoided. But it also suggested that channels 
(inversion layers) could be induced by an electric field. And, at the device 
conference where the epitaXtal bipolar transistor was first described. D. 
Kahng and Atalla reported, in a less heralded paper, the first demonstration 
of an Si·Si01 metal-oxide-semiconductor (MOS) transistor, the first modem 
surface-6eld-effect trarlSIStor.11 7 £Fig. 1·31 J 

In this device, Kahng and Atalla induced an mversion layer over a 
narrow region separating two regions of like conductivity by creating an 
intense electnc field in a thermal Si02 film grown on the underlying semi­
conductor Voltage was applied to a metal-film gate deposited on the Si02 

insulating layer, which was perhaps only 0.2 µm thick. Conductance was 
measured between the two like-conductivity regions, source and drain in 
6eld-effect parlance. 

By contrast, in the very early field-effect experiments of Shockley and 
Pean.on/ surface states vitiated observation of the field effect, or reduced 
its strength many times. The Kahng-Atalla experiment was intended to 
probe for the presence of surface traps at the Si-Si02 interface as well as 
to test the quality of a particularly good thermal oxide as an insulator. 
(Lack of deanbness would lower its <lielectric strength and increase its 
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loss.} The particular oxide was that of J. R. Ligenza, who had grown good· 
quality Si02 films by high·pressun? steam oxidation of silicon.'" These 
films had yielded improved device (transistor/diode) stability. and the 
Kahng·Atalla experiment was designed to quantify this improvement. As 
Kahng reported, lhc quality of oxide was good enough to allow demon · 
stration of the unipolar insulated gate field effect, an existence proof that 
Si·Si02 interfaces can contain manageably small amounts of surface traps.11• 

As it has turned out, this may be a unique property of the Si·SiO, system, 
in which the concentration of surface traps is on the order of 1010 per 
cm2

, i.e., about one per 10,000 surface silicon atoms. This is perhaps JOO 
times lower than other known systems. The performance of the novel 
device, sometimes called insulated gate field-effect transtStor (ICFET), con­
formed to calculations but was far below bipolar standards. Reproducibility 
of resu lts from different fabrication attempts was poor. This 1vas attrib· 
uted by Kahng to variability in surf.ace state configurations at the interface 
and to ionic contamination of the ·insulating film. 

7.3 Planar Transistor 

Shortly after disclosure of the epitaxial trartSistOr, ). A. Hoomi, a Fauduld 
Semiconductor scientist, reported on their new planar tr,1nsistt1r 1: " IFig. 
1-32] In this Oat structure, the p·base region, in addition to the n·emitter 
region. is k1calizcd near the surface by a thin diffusion md<.lc through a 
window, photolithographically deflined .md etched into the rnnsl-tng o>Jde. 
The s truc ture employs, then, two separate npphcations of the oxide mask · 
Ing-diffusion process. Electric.11 connection to both the emitter and ba;c 
at the planar s urfoce was made by aluminum metalization through another 
se t uf windows ddlncd by masking." ' Contact to the 'ollcctur region frum 
the front (top) sur(ace could nlsu be made, I( desired. 'fhc technique o( 
forming base and emitter regions by diffusion through w111dows m the 
surface oxide caused junction t<'rminntion at the surface under a sihl'<ln 
dioxide l,iycr, \Vhich w.1s ll'ft in pl.ic.c. The iunctlvn~ WCI\' thu> ~utun1.1h,Jll)' 
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Fig 1 J2 A plaNr tt.in.i1Stur, a concept th.it oriw.nated at Fa1rc:hild. 

passivated to the extent known techniques of cleanliness and e ncapsulation 
pemutted. The planar structure offered the synergistic combinatio n of the 
separatelv developed technologies of oxide-masked diffusion, photolith· 
ography, aluminum metalization. oxide passivation, and, very naturally, 
epitaxy, when it was incorporated into the starting material. R. N. Noyce 
~uggested extending the metalization from the electrodes over the SiO, 
layer to form larger honding pads for ease of contacting.122 He also pointe<I 
ou1 that metalization over the oxide could interconnect separa ted discrete 
devices and components, an approach that made !Cs practical. 

The ~upenur utility of the planar structure was not immediately obvious. 
as was the case with the ep1taX1al structure. At the time, mesa transistor 
performance was markedly improved by the addition o f epitaxy, and it 
was superior to nonepitaxial planar performance. An assortment of de­
velopment problems. which plagued designers of both structu res, also 
tended to obscure the s1tuabon. In May 1961, in reporting to a Bell System 
Presidents' Conference concemed with the impact of important new de­
velopments 1n transistor technology, Hom beck. then responsible for semi­
conductor device and electron tube development, gave a Bell Laboratories 
evaluabon of the competing elements. He said: ''The planar is flat rather 
than mesa. It 1s diffused like the others It does not appear to be a major 
step forward. We are still evaluating 1t. It might have advantages in ease 
of pro~~ing, cost and inherent high reliability. I mention it because the 
b~t traMtStors made tomorrow will take advantage of labl year's devel ­
opments. Th~y may be planar-epitaxial-diffused They will certainly be 
epitaxial " I le also went on to say: "The situation today is that all transistors 
being manufoctured are made from germanium or si licon. You will note, 
howe\•er, that there i~ another materb l-gallium arsenide. In single crystal 
1t looks very much like germanium er silicon. It has the pnipertie:. that it 
is inherently faster than germa111um with higher tempcrJturc capabi lities. 

.. 
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higher power. than silicon. We can make transistors and dtodes from at, 
but we don ' t have it un der control. It 15 the matenal of tomorroi.• .. m The 
mesa structure, however, turned out to be ill suited to the )Oint employmmt 
of the photoresis t process together with junction passivation by thermal 
oxidation. 

7.4 Reli;1bility lmprove11J1enls 

As reliability testing of silicon transistors progressed an us search lor 
latent junction instability. a new device disease suddenlr stood out above 
other infinnWes. Thermocompression bonds !ailed, apparently randomly. 
through developing high impedance. and actually pantng an some cases. 
Examination of the bonds dlsdosed a mottled, purple-colored matenal on 
the gold wire and a t the interlace between the "1re and tht' alulTUl\UJTI 
metal film below. The dlseaS4.'. accordtngly. was called "purple plague:· 
It was widespread in the industry and of major concern Metallurgical 
studies showed the purple material to be a gold·.alumanum 1nterrnetal!Jc 
compound, AuAl1, containing as much as 6-percent dlssol\'ed silicon The 
studies also showed the presence of a new larrulyof antermeulhccompound 
phases (AuAl:i, AuAI. Au2AJ, Au~,, and Au,AJ). some or all ol wluch 
might be formed at the interlace. Thus, general12ed purple plague "as a 
nah,Jr;il prod11ct of the melal system and hardly • r.mdom deftet F11nher 
experimentation showed that the interrnetallac compounds. and AuAI: in 

particular, had rugh yield strengths and good elecmcal conducb\11)', prop­
erties conducwe to good leads. The broken leads suggested that another 
effect must be occurring. This later was diagnosed to be the Kul.endaU 
effect, the diffusion of .-acandes through the metallurgical S}'>to?m somenmes 
aggregating into physical voids. High-temperature aging as "di as tem· 
perature cycling, both recognized testing p~ures. tended to gencratf 
the voids and their subsequent motion, wluch in nmecaused high n."S!Stance 
and open bonds to appear. 

The "solution" for 'Bell system d<'Signs was. fir-.t. tomcrea~"''""-n'eh• 
the ;imount of gold in the thermocompression bond, es , l>)'\ISU'lga bonding 
tool developed by Bell Laboratories that did not flatten the .mbre "idth 
of the wire into a pancake or create a narrow nt>Ck an the \\1re. and bv 
subjecting all devices to a 300-degrtt C, 16-hour bake followed br a 
centrifuge stress of 20.000 times gra\•1ty tt> eummate weJl. bonJs. El..>" h~-re 
in the industry, aluminum wire wa> being used to repla~ gold for bonding 
to the ,,luminum metali1~1tion. but this shafted the problem fr'1m the dup 
bond to th<! bond at the gold-pl,ued terminal posts 

The Bell Lnbornlorics-\\ll'Stem Electric double-dlffus..>dsilicon n-p·n mes.) 

transistor was a triumph of knowledgeable engmeenng conuul ,wer con· 
lamination as \vCll as chcm1cal and metallurgacal comple\lty fact\lrs m 
the control included \tltracle~nltn'-s.' m proc~1ng. mlllil \1ftcn t"'!uanng 



68 Engi11tuing a11d Scie11ce i11 the Bell System 

speoally designed faohbes, and in-process testing for quality control. The 
final assembly operations consisted of resistance welding a top hat can to 
the header, on which the transistor was mounted, in a nitrogen dry box 
foUowt!d by a vacuum (with a pressure of 3 x 10-• millimeters (mm] of 
mercury) bake at 325 degrees C, just 31 degrees below the silicon-gold 
eutectic temperature at which the device would be destoyed metallurgically. 

Not all the finished product was good, even though it met the electrical 
characteristics established by the speoficabon. A requll'ement of very high 
reliability- low failure rate in service-had to be met, and in general the 
product, lot by lot, as delivered from the manufacturing line was not up 
to this standard. For delivery of a satisfactory product, several things were 
reqUU'ed Qualification tests had to be established on a firm engineering 
ba.slS, 1.e ., on the eXJStence of a direct correlation between the test result 
and the performance (failure rate) of the devices in their circuit environment. 
Also, procedures neo:ded to be found that effectively weeded out from the 
main populabon a subset of "weak" devices, those prone to early failure. 
Reahsbcally, this could be accomplished only by sorting out the principal 
failure mechanisms affecting the product and attacking each individually. 

Some of these were straightforwarct easily identified, and dealt with. 
Leaky seals resulting from a defecllve resistance weld of the housing allowed 
moisture to affect the junctions adversely. Although this defect occurred 
only very infrequently, leak detection testing of all products was instituted 
as a standard procedure. Particle contamination inside the encapsulation 
could cause mterm1ttent short orcuits, particularly when used in an en­
vtronment simulated by a shake table. For these applications, typically 
found in military and space systems, an insulating deposit of Si02 was 
laid uver the surface after wire bonding, separating any metallic particles 
amvmg at the surface from the underlymg iunction. 

A most disconcerting failure mechanism of both planar and mesa devices 
was an mstability m the electrical characteristic. diagnused as being as­
sooated with a minute, uncontrolled surface cun tamination. The contam­
inating ions pentrated an Si02 layer on the surface and, in sufficient num­
bers, caused a conductJv1ty inversion layer in the bulk silicon beneath. In 
)pile of the ~t known cleanliness process, this weakness might be char· 
acten~t.Jc of all the product, albeit in different degrees, and a means had 
lo be found to deal with it in the finished product. High-temperature aging 
expenments. mduding step-stress techniques, revealed that this failure 
m~hanism was "well behaved" in that temperature accelerated the failure 
cllitnbubon (In chemical terms, the process had an activation energy of 
1.02 eV) ThJS became the basis for establishing lot acceptance test cri teria 
and also screening procedures designed to weed uut devices prone to early 
failure (a so-calll'd " freak" population) 

Sctl>ening con~ist~ of the prebake and centrifuging mentivni:d before, 
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followed by a high-power bum-in that elevated the deVJce 1uncbon tern· 
perature to 300 degrees C for two hours. After passmg screening. a sample 
lot was given a high-temperature life test (300 degree; C for 48 hours) 
and tested for indications of surface-inversion instability (A farlure rate 
of 15 percent was allowed in the lot acceptance criteria) If tests indicated 
an unacceptable proportion of freaks remaining. bum·m was repeated. 
The activation energy of the process made it possible to re~te the high­
stress temperature aging to operation in practice at a normal 1unct1on 
temperature: a 20-hour bum-in at 300 degree; C has the effect of nearly 
10 million hours at 80 degrees C. 

Since bond weakening associated with aluminum-gold mtermetallic 
compounds is also a temperature-accelerated mechanism, the strenuous 
aging procedures instituted to identify and remove early surface instability 
failures in tum accelerated the weakening of low-strength bonds The 
centrifuging operation, however. screened out wea.k bonds. 

By these means, a frail manufactured product was strengthened to pass 
stringent requll'ements. The product delivered to customers was very re­
liable, characterized by a failure rate of less than 0.001 percent per 1000 
hours (10 FITs), but at the same time relatively costly. The high cost was 
attributable primarily to the fact that some essential manufactunng process 
understanding was lacking (lhe source of the damaging ionic rontaminabon 
had in fact not yet been discovered). with the ineVJtable consequence of 
some o f the processes being inadequately controlled. 

7.5 Cettering of Impu rities 

Preserving minority carrier Lifetime in silicon heat treatments "as a 
major challenge in the realization of silicon devices The IJUtial discovery 
of G . Bemski and J. 0 . Struthers'0' on the role of gold as• lifehme klller 
and their observation of nickel as a getter led to acth·e studies ol the 
recombination properties of other elements and on the methodology of 
gettering. It also led to an understanding of why certain manufactunng 
practices were more successsful than others. 

For example, s tarting m the 1950s. silicon diodes were manufactured 
very successfu lly with sintered nickel contacts applied prior to the diffusion 
step. These diodes also involved phosphorous diffusion on the opposite 
surf.ice from a glassy phosphorous layer as a source 

Later, It was found empi rically that the incidence ol cm1t1er·to·cullector 
shorts in transistors could be significantly reduced by procesSlflg the s1hcon 
wafers with a phosphorous glass layer on the back surface ThJS procc..s 
was introduced into the manufa<.'ture of sihcon transi>tor.; at the \\';..,tern 
Electric Laurelda le facility as early as 1958 

The n ext significant step in gaining understanding of gettenni; came m 
1960 from A . Goetzberger and Shockley"' ul the Shockley l..abordttll)'. 
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"hu sho"l>d that ·sort 1unc11ons. (1 e. diodes h,'l\'lng poorly defined 
br ... akdown charactt'n,11~) b..-camc "hard" 1unchon,; (diodes with sharp 
breakdown charactt'n>ll~) alter heat treatmg th11 wafers in contact with 
l,1)·ers of ZU\C, nickel, •or gla>sy oxides. They ~bowed that prior to the heat 
treatment, the 1unct1on r...grons contained small metal precipitates that 
'"!re r<>mo\t!d b) the geuenng process. These metal prec1p1tates may have 
b.."'n gold or other heav)· metals. all or whrch have very high diffusion 
coemoents In silicon 

Further work b\ A R Br.ay and R undner documented m an internal 
memorandum. confinnt'd the effect:weness of hqu1d metal eutect1cs and 
glassv oxides m i;eurnng unpunhes m s1hcon Their 1961 memorandum 
r<-coi;nued that geuenng not only removes metal precipitates, but also 
cil!.pl'l";l'd 1mpun11,.., that act as recombmabon genera hon centers. and that 
the d1ffu$10n ol enutt~~ from a phosphorous gla~ source is an example 
ol a natural hudemng proct'SS lnterestmgly. they found that the Ix-st 
gold-doped d1ud'" "'"r" ubta1nt'd b) heating the s1hcon m contact with a 
hqu1d g<>ld·sihcon ~ulKt1c It rl'lno\'es uncontrolled impunties and estab· 
lbh~ a controll<.J concentr•tion of gold 

l..ltl'r m an effon to understand surface 1nstab1hhes, M . Yamin and 
F L \\'onhmi;•=• pt'rlOrm<'<I eledncal conduch\'1ty measurements on 5101 

Javers that sho\\ed that 1onrc conductivity can occur in 5101 at tempera tu~ 
d\ lo\\ as 150 dl'gl'lot."> C. Thi~. at the hme. was a Ver)' surpnsing observoition. 
"n'~ much higher temJX•ratures are normally required before ionic mob1I· 
11\ lx-cum<'S s1gn1ncant h )howt>d that some 1on1lt'<l 1mpun1y was moving 
IO 510, 

In S.:plemb.>r of 1964 . 0 R Kerr. S S Losan P J Burkhardt, and 
W A PIL,l.tn ul IBM found that phosphorous glass 1)1.'llenng removed this 
m)':\tt)noo~ 1mpunt\" 11• 

La1,·r. Fa11(h1ld wor~1·r.. pursuing thl' '>dmt' probl1•m. 1Jcntified the alkali 
11•n" pnnopally 'Vdium,11' 3> thcwurc~ or the S1·S101 surfaC'e rnMab1hl) 
In Ir JC<' .imuunt' th<'">\' moli1l1: charg<>s drift through 5101 films und••r the 
mnu1•nc1: ol 1h1: hK.il "J,~·trtt liclds as!.Oer.llt•d w11h b1.-.smg conditions, thus 
i;1vin~ nw ti> unMdbl•• cfov1n• charart~n~tll"1. Tht• phosphorous glnss get 
knni: Miion ".iunbutJbh· 111 lhl.' lact that wJlum 1o; much morl' ~uluble 
111 ph.,,,ph11rou' i;la-. than 11 •~ m th•• d111\ldc l.i)·~r 11wlf 

Thu'. ph.,.,phvrou' >;IJ>$ gdttnns b..>c.1mc tl1t proct'SS that assured sta 
li1l111 of MOS iran'"'°rs in IC• Soon. ~mo: lorrn of g<'ttenng was also 
t-..·rni: 1nrurpora11-J into m ... t bipolar trans1>tur pru(l"i-,IO!; In manr c.l'>l"o 
01• !><·p•r•h· l\l'lto-nng ~h·p "a' r<'\jUlr,.J •u<h d\ rn n p ·n trans1slors. which 
1n' ''" ,.., J h1·a• ~ .. m1tkr d1ffu'lon u"ng ph1r.ph11rou• glass as a \uurcl' 
I urtlll'rm1•rl' f11IJ.11,rng th1· appru.1ch chat 1•vulv1•J rn MOS !Cs, pho' 
ph1>rou' i;la'' al-..1 l>l..:,>m•• ,in an1•ptcd •urfon• prnt1•<trve film improving 
llll' •IJb1lil1 of th<• tr.IO\l\ll.11' 
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VII I. DISCRETE SEMI COND UCTOR BUSINESS: TH E EARLY 1960'S 

By 1960, the yl'ar the silicon transistor emerged as the product or 1he 
future and the year the p lanar transistor was announced, the !.l'llllronductor 
industry was vigorou~ and growing. The Busmess IVtrl 1SSue or March 26, 
1960 featured a comprehensive report on sem1conductors. calling 1t '" the 
world's fastest growing big business" Busmrss Wal found 35 "s1gn1ficant 
producers" manufoctunng semiconductors with annual s.ales of on~·half 
bi I hon dollars, spht about equally berween tral\S1Stors and red16ers/diodes 
It estimated that 80 percent of the industry'\ 40.000 employees were 
women. It judged that "manufactured goods using 't'm1ronductor com· 
ponents-from midget portable radios to giant computers-are the bigg""t. 
fastest gTowing segment" of the SIO billion electronics industry The amcle 
affirmed, " The growth gamed terrific impetus from Bell's policy of putting 
these (design and process patents! virtually m the public domam Almo<.t 
90 percent o( the semiconductor items m commeroal production came 
nght out of 'Mother Bell's Cookbook.'""' In 1960, Bell had some 80 
domestic licensees 

The article recognued a favorable, downward trend m pnce \\1th en· 
tertainment·quahty ITans1stors at 50 cents, an ordm~ry rompukr·grade 
transistor at $1.70, and a special very high-speed S\\1tchmg transistor for 
perhaps three times as much.1?'1 Busi11ess IVttk VJe\\ed the mdus~· as 'an 
almost classic example of the particular kind of growth that tedmological 
innova tion can fire up throughout the U.S economy " 1'° 

Under the heading "The Peril Overseas," the amcle called attention to 
the entTance of Japanese transistors, mostly entertauunent quahty into 
the U.S. markets, rocketing from 11,000 units worth 57000 m 1958 to 1 8 
million units valued at SI I million in the firsl nine monthl> of 1959 OthCT 
data showed U.S transistor production pa~smg JOO nulhon uruts in 1960. 
having passed on dollar volume that of electron rubes m 1959 "' \lilitaf) 
sales compnsed about one half of the total Looi.Ing ahead. BusrnNs Wal 
anticipa ted that '"the advent of solid cucu1ts "111 upset some of the familiar 
marketing pattern~ in e lectronics. A computer maker . "'II be able to 
order .. a 'flip flop corcuit' ready-made on a package the size of one of 
today's transistors JuM this week," the article stated, 'the first commemal 
versions of such devices were offered bv Te•as Instruments ·1>: 

IX. EXAMPLES OF SYSTEM APPLICATIONS 

9.1 The Telslu I Experiment 

Contemporary in time with the Busrnt>S Wul covn story, \\1th the 
concurrence of the National Aeronautics and Space Adnurustrabon (NASA). 
AT&T man agement decided to explore the feaslb1hty of m1crowa,•e radio-
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relay communications using a small earth satellite designed as a radio 
repeater station. E~ploratory systems studies in 1955, by). R. Pierce and 
colleagues of the radio research group, had suggested a system of artificial 
satellites m Jow-<?arth orbit. linked to ground sta tions, to provide useful 
long-range broadband communications . (See a companion volume in this 
senes subtitled Commu111cat1011s Sciences (1925-1980), Chapter 5, section 
V.) These studies, plus the progress demonstrated by the U.S. Air Force 
and NASA toward developing reliable rocket-launching systems h aving 
respectable payload-to-orbit capacity. led to the conclusion that an ex· 
penmental test of the ideas was timely. Clearly it was pertinent to the 
future c-0urse of "ery long-distance telephony. 

The system design philosophy was dictated by the launch-limited max­
unum penruss1ble weight of the orbiting station-Telstar. as it was officially 
named, or " the bird," as it was called by the developers. This weight was 
held to something under about 200 pounds by the payload capability of 
NASA's Thor-Delta launch configuration. The resulting power-transmission 
capability of the bird led to requirements for ground stations with powerful 
trans1TI1tters, large antennas, and sensitive, very low-noise receivers. System 
components that met these and other requirements by and large did not 
eXlst. they were to be developed by Bell Laboratories for the experiment 
with a hmetable that initially targeted launch before the end of 1961. 
Guidance into orbit for the Telstar I launch, and for other Delta payloads, 
was provided by the Bell Laboratories-Western Electric Radio-Inertial 
Command Guidance System developed to target Titan l, an early U.S. 
ballisllc missile (For more detailed mformahon, see National Service in 
War a11d Peace (1925-1975), Chapter 10.) 

A low-alhtude orbit of about 1000 miles (or an elliptica l one ranging 
from 500 to 3500 miles) was decided on-for one reason, to keep the 
signal quahty from being degraded by the echo delay associated with the 
finite transit tune of a radio signal from earth to sa te!Hte and back. At 
1000 miles. thLS delay 1s a manageable 0.01 sec. 

• I 1 Rad1at10n-Rrs1sra11r Solar Cr/ls 

One consequence of a low-level orbit was that 1t placed the bird in the 
adverse space o;nv1ronment of the Van Allen rad1a1Jon belt. The belt 1s an 
mde6nite, doughnut-shaped region surrounding the earth's equator and 
con1ammg energetic charged particles, protons and electrons for the most 
p.irt, trdppi'd m the magnetic field of the earth. It was discovered In 1958 
by Geiger counter st•nsors placed by J A. Van Allen aboard Explorer I, 
the first US satellite The true severity and extent of the belt, or belts as 
thl.'n .-nvisaged. were not well known. It was clear, however, that the 
s1liron solar cells to ht! mounted on the outside surfac.- of the bird, as a 
part of the power •upply, net>dl'<I radiation protection as well ab a radiation 

' 
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damage-resistant design. A maximum two-year life for the experiment 
was visualized, after which the satellite would be disabled 

The requirement for a solar cell design of supenor radiation tolerance 
suggested. first of all, that the heretofore standard p-on-n cell should be 
replaced by a specially tailored thin-n-on-p structure."' With the n·p 
junction near the front surface. the strongly absorbed short-wavelength 
{blue) sunlight is utilized most effectively. The more penetrating, longer­
wavelength light is absorbed in the p region, creating electron-hole pa~ 
there. The fraction of the minority carriers (electrons) that diffuses to the 
junction, and thereby contributes to ~he cell's power gener01tion, IS deter· 
mined by a parameter called the diffusion length, L0 ; Wr, the char· 
acteristic distance a minority carrier diffuses with the diffusion coefficient 
D in a time ., equal to the minority carrier lifetime, i e .. befor,e 1t disappears 
by recombination. With the electron as the important mmonty earner, as 
in a thin-n-on-p cell, the diffusion coefficient is thret> times that of a hole 
in the conventional p-on-n cell, the diffusion length IS f3 longer, and the 
new cell is more efficient, given the same lifetune. Since rad1atum damage 
reduces the minority ca.rrier lifetime in either type. p or 111, at about the 
same rate, the n-on-p cell is more resistant to radiation 

The very superior damage-resistant property of the blue-sensitive thm­
n-on-p cell was demonstrated by experiments usmga I nulhon·eVelectron 
beam 1

" The individual cells, I by 2 cm, had an array of Ihm metal finge~ 
on the surface to collect the current and reduce the internal cell resistance 
The surface was given a quarter-wavelength antireffection coahng in the 
blue spectrum to improve the optical match. Each cell also had i~ own 
protective cover plate consisting of 0.03 inch of clear sapphire. a malenal 
that does not color {darken) when exposed to radiation. To allov.• for a 
thermal expansion mismatch, the cover was hinged by a lhm platinum 
ribbon to the ceramic substrate on which the cells were mounted, 12 c~ll~ 
per module. [Fig. 1-33) The entire arra)'• consisting of 3600 cells, was 
organized into a nomjnal 1-1-W , 28-V converter supply to charge the sat 
ellite's nickel-cadmium battenes when exposed to sunhght. The Alll•ntown 
Works of Western Electric took the new cell design lll late 19b0. and under 
forced draft began delivering finished modules at the end of Januarv 19bl-
a typically sound, "unusual" p<'rformance by Western · 

9.1. 2 lo11/:111g R11diatw11-1'0/era111 Trat1~iS1<1r< 

ln late summoer 1961, " 'Ord reached device development proplt.> of orcu1t 
performance changes that had occurred m equipment exposed to radtahon 
in nn experiment conducted by 8<'11 Laboratories research p..-rsonnel at the 
Brookhaven Lnboratory of the Atomic Energ)' Comm~mn One ptl'~ible 
explanation of the event~ w ii. thM the radiation cm•irunmcnt had altered 
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fig 1 ·33 Solar coll panel and assembly u~ for Telst•r 
Th~ ce11 used i1 speaaUy t"11lored th.Jn~n~n~p structure for 
SIJpenor ro1d1oltJon dl!mage res15tance 

charactensbcs of some transistors. (See Physical Sciences (1925-1980), Chap· 
ter 8. section 1.1.1.) Further experiments were planned to diagnose the 
source of trouble.. By mid-October. additiona l data from multiple sources 
left no doubt High-performance Western Electric silicon mesa transistors 
m opcr.:tbng circuits (1 e., electrically biased) degraded gradually, by varying 
amounts, under exposure to a high-energy radiation flux. The results were 
completely unexpected, since only a negligible change in characteristics 
"as predicted from previous study of radiation damage effects in silicon 
dences And these same transistors. by the scores. had been designed into 
T•dstars etrCUJtry. What to do? 

To ~esign the orcwls around less radiation-sensitive devices, provided 
such could be found. would seriously delay the project at a further cost 
of considerable public and pnvate embarrassment; the privately financed 
Telstar proje<:t 1vas virtually competing with publicly (NASA) financed 
pro1ects to be first to deLiver a working experimental communications 
sateU1te for launch by NASA The hope was that an expedient could be 
devised to salvage the sihJation from impending disaster. 

E>.tens1ve autopsies performed on diseased transistors failed to clarify 
delinitwely the origin of the damage. Before seal-off, the transistor cans 
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were back-filled with inert, dry nitrogen. One hypothesis was that radiation 
ionized this gas and that some of the gaseous ions, in variable amounb, 
sat on the silicon surface on or very near an exposed p·n junction. Thtre 
were other hypotheses about the caus<'S of the radiation sensilJvity l'\ot 
all radiation-exposed transistors behaved alike; some were much mure 
seriously affected than others. 

After tests on many exposed transistors had been analyzed, the demmn 
was made to set up an extensive screening program desl&ned to select 
from a large population of devices those least sensitive to radiation l'X~ure 
The screening program consisted of exposing transistors in batches to a 
Limited dose of radiation from a cobalt-60 source ( 1.25 megaelectron-voh 
gamma rays) and testing individually certain transistor parameters before 
and after exposure. Empirical criteria were established for sell'Ction and 
rejection. 

Because of time limitations, individually screened transistors could be 
incorporated only in critical parts of the command module of Telstar I. 
For other circuitry, the transistor codes were characterized as to theu ra· 
diation sensitivity. The engineering dec1S1on was made to use, and be 
satisfied with, whatever satellite life for Telstar I accompanied the use of 
the weak components. This turned out to be seven months, under con­
servative assumptions {or the not very well·kno•vn radiation level tn the 
Van Allen belt. This period was deemed adequate to establish the prac­
ticability of broadband satellite communications by hundreds of tests and 
demonstrations that were to be performed. 

Jn point o f fact, Telstar I was subjected to a more severe radiation 
environment than that anticipated from the Van Allen belt. Just one day 
before its Ju ly 10, 1962 launch by NASA, the radiation level m Telstar s 
orbit was en.ha need about 100 fold by a giant high·.altitude nuclear e'.\plos1on 
conducted by the Atomic Energy Commission. Many satellites ceawd 10 

function, some after only one orbit through the enhanced radiation field 
And indeed, within about one month of launch. there was some m· 

dication tha t one of the redundant command decoders may have been 
operating intermittently. u~ Three months after launch, it failed to operate 
However, through modified command pulses, certain command'> rould 
Inter be executed. By exercising the command module m a SQplus11cated 
manner, use o( the decoder was regained and the nom1ai commands could 
be used again so that the communicnti()nS experiment could be conllnu~ 

A second satellite, Telstar II, was launched .on May 7, 19&~. In th1> 
case, enough time was available to prcscreen ev~ry radiatiun-;,•n;it.-e 
transistor. The satellite operated Oawlessly for 1wo years. al which hnw 
a r<..'quired i ntcmal timer deactivated maior clements of the satd~t~ rut'\lltf\ 

Telstar was a pure example of discrete element ;olid-statc circu1tn th~ 
milieu of the time. !fig. 1-34) Its complete component count (w1thuut th<' 
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Fis I 34 Ttbl•r I. l•unrh,,d June tO. 1962 New component• were develup<'<l by ll<!ll 
t..bvr~tt)nt. ... h• ~c~ep lht• luuncti w~g,hl under 200 lbs 

n1ckd·cadm1um battcrv) totaled 3600 solar cells. 372 inductors, 1119 tran· 
s1stors. 64 transformers. 1521 diodes. 5 quartz crystals, 1343 capaci tors. 
I traveling wave tube, 2949 resistors, and l yttrium-iron-garnet limiter. 

Tclstar could not have met the weight limit if reliance had had to be 
plact.>d on electron tube!. with their greater bulk and lesser power efficiency; 
further. without a diffused silicon technology. the remote power-supply 
problem of the s.-itdlttc would have been, as a prnctical matter, insur­
mountable TcU.tar thus wa• an example of the new sophisticated products 
made poi.s1ble by discrete transistor technology that can be thought of 
JS rfu.11ngu1.,hmg a second era of electronacs from the earlier vacuum 
tube erJ 

In t~rms of effort, the con tnbution to Telstar by the semiconductor 
dc,•1ce development group was only a small porbon of the Bell L.1borntories 
total mother tc~. it was an mwgral part of the heavy project commitment 
ils~agncd tu the device development area . Undl!r the direction of E. F. 
O'Neill , thl! Tcl;tar b}'btem proiect manag~r. the additional re&ponsibilities 
anclud~d dt!l>tgn u! the bard structure, 11l> mechamcal, thermnl and radiation 
(abwrptton and cm1Sb1on) propertws. 1nclud1n11 construclton, assembly, 
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and test of prototype and flyable models; the 2-W, long·ufe traveling wave 
output tube (4000 Ml I~) on the bird, fortified to endure a launch env1· 
ronment 100 limes gravity; the 2000-W traveling wave output tube of the 
transmi tter (6000 Ml I~) of the ground stations; and the very low·no~e (4 
kelvins) traveling wave ruby maser preamplifier in the receiver of the 
ground stations. The device development team comprised an aggregation 
of versahle design competence that was, in 1ts way, unique It consl5ted 
of experienced device/process chemists, mnovabvt mechanical and elec· 
trical engineers and physicists, and models laboratones with a reservo11 
of fabrication capab1ht1es and engineering know· how-all umted by a 40· 
year history of oucce>Sful te<:hnical accomplt>hmento, many u( whRh h4J 
delineated the state of the art. 

9.2 Silicon Device Applications in Digital Systems 

Perhaps the most important natural apphcat1on of trart5istors has been 
to digital systems, where the number of devices required per system wa> 
large and therefore unsuitable for the employment of \•acuum tubes Two 
Bell System developments of this nature in the e1rly 1960> were the T· I 
earner system, which employed digital trart5!1U5S1on in the form of pul>e 
code modulation (PCM) for short-haul mulbplex \Otce transmission, and 
the electronk ~c111Idl office (later electronic swllchtng system) based on 
stored program control, incorporating digital electronic common control 
for ccntTal office switching, The time when these and other new ~ohd· 
slate systems could bl? introduced into the Bell System depended both on 
the time requued for system development and on the competitive C<»ts 
of the new systems relative to the costs o f older wa)'S or pro\1dmg tht> 
service. For new sy~tems to be economical, ti was preferred that no more 
lhan 40 percent or lht ~hakedown equipment CO>t be dul' to -.cmiconduct"r 
components. Low transistor costs could only be lch1e\<'ll in large-o;cal~ 

manufacture as an economy of scale. Thus there wa~. me11tably, a Marl 
up period m the introduction of new systems dunng which component 
costs, vit:wed >lmptbtlcally, were uneconomic.lily high In the case or thl' 
d 1g itnl systems, the s t.irt·up costs were spread ovtr several year> of pru· 
duction, and diffused si licon transistor manufacture m \\'estem Electric 
got off the ground In time, mesa designs were r.placed, first bl' planar 
versions still U>mg a met.11 to·glass hermehc encarsuta11on In 1he lllbQ.. 
many m1lhons of the d1.,crl'te devices were employed in the T· t c.trnl'r 
system, several sw1tc"img ~)'Ml•ms, earner channel banl..s, mband "gnahng 
equipment, the N carrier system, eleC1ronic tran;lators, l..ev ttlephon'"· 
rax •. and variou> data >NS. Small applications using standard COOl'S m 
productton accountell for grea ter volume By 1968. the mtemal r<>con1' 
of W11&1ern Electnc ~huwcd several hundred e11111pmcnt applir•"""'' 
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9.3 Active Otvicts for T0-3 Radio Relay 

Reflecting rapid technological progress, a newly designed microwave 
radio relay system. designated T0-3, updating the highly successful TD-
2 system, wa; ininally installed in 1966. The 20 new solid -state devices 
de\'eloped for TD-3 depict the state of the art of semiconducto r solid-state 
de,1ces at Bell Laboratories-Western Electric around 1965. 13• The devices 
included a ne" family of high-frequency. planar, epitaxial n-p- n silicon 
tran_sistors and assorted diodes. Prominent among the latte r was the first 
applicallon of a 111-V compound semiconductor device, an epitaxia l GaAs 
de,1ce w1tha metal-GaAsSchottky bamer junction . This diode had a very 
low n01se 6gure It provided the m1Xer function (actually a s ingle-diode 
downconverter) of the receiver modulator. Together with a special low­
noise transistor, thlS diode permitted the removal from an earlier receiver 
design of an RF parametric preamplifier. The transmitter and receiver units 
used semiconductor deVJces, except for the traveling wave tube in the 
transrrutter. and operated from a single 24-V battery source. The group 
of TD-3 devices illustrates the development concept at Bell Laboratories 
of device design tailored to optimize system performance and reHability. 

9 JI Tranmtors 

The 51ucon tran>istor Cornily developed for TO-J wa• characteriz"d by 
a I-GHz gam-band\\·1dth product and an n-p-n planar epi taxial srructure. 
The basic trans1Stor of the family, the 45A shown in Fig. I -35, was designed 
foroperationatcollectorcurrentso( 5 to 10 mA. With an increased number 
of errutter stnpes. three other members of the family had, res pectively, 
two, four, and eight bmes the collector current rating and one-half, one­
fourth, and one-eighth the base resistance. These transistors were packaged 
m a new metal-to-ceramic package (TO-I 12) designt>d to minimize parasitic 
capaotanceand lead Inductance, and provide low thermal impedance. For 
use in thr FM deviatur cavity, the basic transistor was also encapsula ted 
in a conventiunal T0· 18 package designated the 44A, wherl!in the collector 
1> electncally 1omed lo the metal package, minimizing collector inductance 
and so ma10m1L1ng the dcv1at1on range. For effective use of the low-noise 
pt!rformancc of the GaAs Schottky barrier diode, the following 70-MHi 
IF preamplifier requ11ed a noise figure (2 dB at 12 mA) lower than the 
bt~t attainable (3.5 di!) within the immediate 45A family. A completely 
new transistor, designated the 45), shown in Fig. 1 ·36, was designed for 
thi~ applicahon In 11 the base rt'Sistanc~ was reduced by a facto r o f four 
by changing the emitter geometry and some details o f the metn ti7:Hion 
In pMbcular, the "''W dc~ign osed low-resistivity, d iffu,,,.d p-typc ~·oncluc­
tlllS in place of the uwal metal base str1pt'5. rhis .irrangcmt•nt permitted 
<O\~nni; tlw untir.• ba,l!·emill<•r 1111crdigll,1Wd i.tru"un~ with emitter me-

• 
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talization. Accelerated aging data for the 45A types predicted .a traml!>lor 
failure rate of less than I 0 FITs over a 20-year penod at 1unctum tem­
peratures of 125 degnx•s C. For the 45J. which was fabricated \\ith plahnum· 
titanium-gol.d metalizing, similar data predicted a failure rat~ o( 10 F!Ts 
at 250 degrees C junction temperature. 
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B<.·11t 03aJlator po, .. ·er (or the microwave transm.ttler and receiver w:is 
>upphl'<l by a 'aractor diode frequency multiplier scheme. The output of 
a CT\'>tJl -controlll!d o:.ollat0r at 125 MH.t was amplified by a transistor 
~mphlit'r to a pow"r levl'I of 7 W A three-stage varactor multiplier chain 
com ~rtl!d th~ amphller output to about 0.5 W at 4 GHz. Three codes of 
Vdmctor dJodt'S \~73A. B. C) were needed for this orcu1try. The difference 
tn Op<'raling fr~'quency Jnd power level in each multiplier s tage called for 
dtffrr~nt d1tid~ chJracten~ucs to achiev"' lugh conversion efficiency, fre· 
qucnn >!4btht)'· and low nobe The codl'S were all diffused, planar, epitaxial 

' 
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sthcon diodes in the V package. All were manufactured by the same P'ocess. 
the differences in final characteristics being caused by the choice of epltal<lal 
starting material, the diffusion profile, and a difference in 1uncbon area 
Epitaxial silicon was essentia l to these applications, because they required 
low series resistance, the only lossy element of the varac:tor, and high 
breakdown voltage. The diode capacitance was dctcmuned by the 1unct1on 
area The diodes were fabricated by standard planar photolithograph1c 
techniques including oxide passivation to stabilize the wafer surface Tht> 
V package, shown in cutaway in Fig. 1-37, was a m1maturc ceramic p1llbo' 
type with brazed metal-to-ceramic hermetic seals The pnmarv charac· 
tenstics of this package were low shunt capaatance, low senes indurtanc~ 
and good power d1~sipahon The varaclor dmdl"> WN<' suited to harmonic 
generation at medium power m the frequency range 0 I to 10 CH1 Re 
liability was assured by high- temperature screening, encapsulabon 11.'al.. 
tcsllng, a cen trirugc tes t ~l 20.000 times gravity, a ~hock test at 1500 tirm.., 
gravity, and I 00-huur powl.'r aging of a sampll' lot 

9 3 3 U Parkag~ M1rr11wa1•r Dio1lts 

The U package was designed to fill a need for a hermehc microw.t\<' 
package with low para,111c inductance and capac1lance. Several Cl'<i,.., l>I 
varactor diodes intended for dlffcrenltermlnal lunctions were encaf"ulat,-J 
tn tlus package. Figure I ·38 shows a U package as,cmbly and suba>~ml>h,.., 
for the 4 71 A diode. rhl' diodl', a diffused, epitaxial ,mcon mcs,1 ~tnicturl' 
"'"'developed 10 ~ati,(y 11 n•quircmcnt lor an upconv,•rtcr diode p~1r th.It 
would give obout l\'' 8 .5 JO co1'lvcrs1orl .,,.11, ''' tl't.' 'f0 ·3 1r .. 1n~1111ttl'1 111llJ 
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ulator The SI!\ ere pamng requirements. needed m the hybrid circu111u 
suppress 1he c.tmer. were 1hat the two diodes could differ by no mort 
thill\ 0 I pF 1n zero-bias capacitance and no more than 0.5 !? in zero-bw 
senes resisLU\Cl' A speaal chemical etching technique was evolved 11!.!: 
pr«JSel\ con'.Nlled the mesa diameter (i e, the 1unction area) and 1hc· 
tht- zero-bias capaotance. Diode reliability was achieved by the u'uJl 
careful attentun to cleanliness in manufacture, by employment of a gla" 
(nt setter '" eoch ~·•.O·off device to absorb go55e5 evolved dunng th, 
closure " 'eld, and bv i.creening tests on finished devices to eliminate wt.ti. 
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units Step stress power aging data indicated the failure rate in the TD·J 
tran;m1tter modulator to be less than I 00 FITs at 50 mW per diode with 
a 95-percent confidence limit. 

A tungsten wire S-spring contact was employed in the point-contact 
version of the U package. In this configuration, two silicon diodes (488A 
and 493A) were d eveloped for the IF and RF detector circuits, as no suitable 
hl'rmetically sea led diodes were available. These diodes used the same 
basic aluminum-doped silicon material. Slightly different processing (one 
was oxidized a t 975 degrees C, the other at 927 degrees C) gave one a 
higher reverse impedance and the other a lower forward resistance. Re­
hab1lity tests indicated a negligible failure rate for the TD-3 applicahons, 
less than I FIT, ·which were at a significantly lower power level (one-fifth) 
than that of the 471 A upco nverter application 

The GaAs Schottky barrier diode (497A) represented the striking ad­
vances that had been made in the technology of GaAs The device structure 
was thm-n on n •. The 0.2-µm epitaxial n layer was doped to 5 x 101• net 
donor atoms per c m1 . Then• substrate wafer was doped to 3 X 10'" donors 
per cm>. These choices, together with a junction diameter near 25 µm, 
ophm1zed the s ignificant parameter for the down-converter application, 
i e., the forward-biased cutoff frequency, yielding a value nearly 10 times 
higher than the s ilicon point-contact diode it replaced and, consequently, 
a substantially lower system noise figure. Photolithographic l~chniques 
were employed to produce the device structure, which cons isted of the 
barrier me tal s ilver evaporated onto the thin-n side of the semiconductor 
•vafer and the n overlaid with an electroplated gold contact. A gold-tin 
solder preform was the low-resistance contact to the back of the wafer 
Sealing into the U package assembly configurahon was accomplished by 
a single heating cycle accompanied by a small compressive force. Step­
stress aging data on finished devices indicated a failure rate under IO FITs. 

9 3. 4 Higllly Stable Diodes for tltt IF Dti•iator 

Two electrically very stable diffused silicon diodes provided a stable 
output from the FM dt!viator. The 446AC was an 8.2-V regulator diodt1, 
and the 457 A was a variable capacitance diode. To meet the system re­
quirements o f a maximum drift instability of ± 100 kilohertz (kHz)' over 
a three-month period in the 70-MHz IF dcviator, the 446AC diode break­
down voltage had to be s table to within 7 x 10 J V (one part in 1000); 

• In tht> d..-"·1.alor C'1rcutt, i.ln ultrastablc 5· V rt.-gul.-u."CI ~upp1)· USJng lh~ 4.&6AC regulator d100f' 
pr-o" 1dt.."1i b1.l5 fur 1he -157 A vanable capaCltJnct! d1odl~ tn 1h~ osnll.;icor t.s.nl carnub The 
btsiot:b.and ~1gn..iil ~upenmposed on lhi~ baa:, modu1Jt~~ tht• C.lplOtiolnce of t-.ach 457A d100e 

~ coni.equt'nlly 1he output frequcnetl'S ol th~ O>all•tors 
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also. for lhe 457 A diode. lhe reverse leakage currenl had to be stable to 
w1llun 2 nA and the diode capaotance to within 0 008 pF 

The 446AC "-a~ a member of the large K pad.age fanuly of hermetically 
sealed dJod~ Devic.,,. of the 446AC code were selected as the most stable 
from a larger unl'er..e of preaged diodes The preawng constSled of 250 
hour.; of storage at 250 dt-gr<'t'S C followed by 750 hours of reverse d e 
power aging JI 25 hm•"> 1he rated cond1tton for use (16 m\V) The K 
package as•~mbly •~ shown m Fig. 1-39 Basically. 11 tS a glassed Kovar 
\lt Rodar• eyelet welded to J Kovar stud, with ,1 tubulation to permit 
outgassmg and dry nitrogen backfilling The tubulat1on was pinched off 
tu pro,'ide the final '4:al and also <"lt'Clncal connec11on to the lead wire 
1n,1de th" tubulat1on K packagl' d1od~ typically were rated at 0 6 \\ 
dJ•>1pauon. "1th a normJI failu~ ratt.> o( about I FIT at a 1unct1on tern · 
peraturl' of 60 dt'h'T~,.., C By the late 1960:.. tht• manufactunng level of 
1' packaJ'e d~'"'..,· all at \\,..,tern l:lecmc m Rt•adm~ \\a~ tens of m1lhon\ 
p..or H'Jr for wm~ 700 apphcahons 
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Manufacture of the 457 A semiconductor die was similar to that of the 
446AC. An n-type slice was simultaneously diffused with both p and n 
la ye rs on opposite sides of the slice. This left only a very thm region m 
the middle where the silicon resistivity was high. resulting in a low series 
resistance. For the 457 A, the key to high stability lay in the final processing 
After a final etch to remove any damaged material, an oxide was grown 
on the exposed silicon for passivation and protection. This made it suitable 
for encapsulation in the miniature S package, in which the final seal was 
made at the high temperature of 830 degrees C to reduce or eliminate 
trapped moisture. Again, an accelerated preaging procedure was used to 
select the most stable devices, which met the stability requirements. 

The S package encapsulation for the 457 A was selected because of its 
low inductance. As shown in Fig. 1 ·40, the S package assembly incorporated 
two stud leads that contact the semiconductor die and that are hermetically 
sealed to a coaxial glass sleeve. The layered metahz.1tion of the diode chip. 
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illustrated m Fig 1-41. bonded the chrp to the metal studs. The metal of 
the studs had not only to be a good thermal expansion match lo the glass 
compnsmg the slee>e, but also, importantly, rrusmatched slightly lo main­
tain stud contad pressure on the sthcon chrp 

Development of the S pad had begun m 1961 and actually took place 
over several years because of many difficulties encountered. The design 
ob1ective was a low-cost, small, rugged, highly reliable product for use in 
low-power, lugh-perfonnance apphcahons. ThtS implied finding solutions 
to technical problems affecting surface stability. mechanical and thermal 
compahbthty, and deV1ce performance It also impbed finding a solubon 
to !ht> problem of manufactunng cost. 

Manufactunng processes mvolvmg ont>-a t-a-hme handling. as in device 
a~<.emblv or tesbng. baDooned cost beyond acceptable hmils. Over time, 
tlm obstacle was removed by de>elopang new manufactunng processes 
emplo,,ng mno"ati,·e batch assembly and fabncation techniques aug­
mented b)· lughl) mechanized tesbng and code marking.'" us Batch as­
!o('t1tbly madt' use of shaker-loaded t•s> In thtS concept, piece parts. together 
Ydth fixtures for calT}1ng the assembled parts, are designed compahbly 
such that "•brabng a fixture floodl'd with piece parts causes the piece parts 
to fall into separate 11g pos1bons m the th.lure m the conect order For the 
S pack. thi~ meant loading a bottom stud, gla~~. chap, and top stud, together 
with gla~~mg cavatil'S and weights. into fixtures holding several hundred 
as~t.'mbbes Several of these glassing fixture~ were then placed in the con 
trolll>d atme>l>phere of an autoclave furnace where the diodes were sealed, 
nl'Cl~"1 nl) by the hundreds. an ont> O\'en cycle 

Thl' S pack de\'elopment was particularly dt.'manding of a close working 
rdabonslup between engineers exermmg Bdl l..olboratones design funcbons 
and t.'ngme,,rs exerosmg i\'estem Electnc manufactunng respons1b1hhes 
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Ln practice, a nearly seamless interface between the two organizations was 
operationally necessary to accomplish the group obJt'Chvc. 

9.3.5 Silicon Sl:/101tky Barritr Diodrs 

Two new planar, epitaxial silicon Schottky bamer diode!.. codl-d 479A 
and 4798, were developed for use m the IF amphfier·lun1ter and dliCrtm 
inator circuits. These applications required a nonlinear diode rfmtance 
and low capacitance, low recovery time, and moderate breakdown \'Oltage 
Point-contact silicon diodes could meet the first two r<'qwrements, but not 
the third- 10- to 20-V reverse breakdown. The point contact wa; replaced 
by a 0.00 I -inch diameter 1unction built up of a complex metal layer of 
chromium, palladium, and platinum on epitaxial silicon, a design of Kahng 
and M. P. Lepsclter. " 9 Doping level of the l'p1taltlal layer WiU dekrmmed 
by breakdown voltagl.', and layer lhicknes~ wa; cun~1stcnt v.1th a low 
forward impedance. The metal-sHicon contact was formed bya nny button 
of p11lladium on silicon heated to 475 degrees C, formmg a kind of alluy 
This was then protected by a ; team-grown 510: layer :\(!)It an o\erlay 
of platinum and palladium 0.002 inch m diam~er over the button and 
Si02 was sea led to the oxide by .a thm 300-A chromium layer The 
finished dje wa.s mounted to a nail -head lead. isolated electnrally from 
the metal header platform of the T0-18 package Temperatu.re agmg data 
predicted a failure rate of the dlodes of less than 10 ITTs for the TD-3 
operating conditions. 

9.3.6 H1glt-Vo/1agt Rttllfirr Diodri 

St·ringent voltage breakdown, corona. and mounttng requiremml~ "ere 
sa tisfied by molding diode asscmbhes, lour diode; per assembly. 1n a h1,;h · 
dielectnc plastic . Mulhple diodes were nect.'Ssarv to attain lui:;h·\oltag<' 
requ1rementJ>. Localized silicone resin sen t'd as an m'ulator at""' thP 
glass sea l of each diode. The dlod~ .ind lhc internal wmng ~rructur.- \q•rc 
Immersed in alumina-filled epoxy. which also ~ah:d the d1odt.'S from th.­
extemnl environment. Alumina filling agent in the cpo~y tmproH·d 1h<: 
heat dissipation property of lhc package and thus reduced du>dc 1unctJon 
operating temperatures. One .lssembly. coded -!63A "a' mad~ up uf four 
type 426) , l · W diodes m seril!l>, •vhich had a brea~du"n •ultag.- uf .;ROO 
V and a po•vcr rating of S W. The other assembly. coded -!(HA. cnn,i.tt'd 
of four type 4126G dmdc~ In a full-wave bndgc configur.t1on "Ith a mm· 
imum breakdown voltage nf 1200 V for each leg The "5-wmbl)' •I'<> had 
a power rating uf S Wand a max1m1Um lorward drop of! I \'at bOO mA 
Based on aging dat.1, the failure rate a's1i;ned to the ll•·o codt~ ., .• , Jt-.,, 
than 100 Fl Ts 
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~ J: p./.\ DIMr 

For automatic gam control m the IF amplifier, vanable loss stages were 
nt't.>dl'd that behan•d hl.e pure vanabll' resistances independent o r fre· 
qut?nC) and ~agnal arnphtude The 474A p· a· n sahcon diode was designed 
for lhi!> apphcallon The resist.lnce of a p·a·n diode IS normally high because 
of 1he h1gh·res1>l1\1tv 1 layer Under forward·baa~ed current, however, the 
•~•Mance of the a layer can be greatly damanashed by the presence of excess 
1n1,'Ctl'<l came~. holes from the p rl'gaon and l'll'Ctrons from the n region. 
Tha\ !!>called conduebvity modulation,'"' and in this state, a p·i·n d iode 
exh1b11' a n'!.tstance that vanes roughly mve!'M'ly with the forward-biased 
current "lo" suppose the laver wadlh of the 1 region 1s made comparable 
lo the ll-ngrh diffw.mgcamers move an a hfctime (i e .. before recombination). 
Lndcr thl!> condition the l!X~ mobile earner density in the i region cannot 
folio" a frl'quency that ts hagh compared to the inverse lifetime, which 
m tht' 474A was about I p.S, and the a layer restStance IS frequency insensitive 
aa thl'W hagh fl"l'quenoes. as m the device realul'd by Uh hr.•> Within these 
n-.tnclloM. the design ob1ective was to make the remaining frequency· 
dl'pl'lldl'lll ampl'<l.ince of the two diffused 1unctaons (p·i and n·i) small 
compared tu the impedanct: of rhe 1 layer This was accomplished by 
ad1u,tm11 the 1unctmn doping gradients, the 1 layer width, and the de bias 
current. and by maJummng the lifetime of the 1 layer. The result achieved 
wJ., J .,mJIJ frequency dependence of the total diode impedance above 5 
Ml 11 and nu dcp<mden~ abovt' 50 Ml 11 .. The diode was packaged in a 
cunvl•nhonJI, gettered T0-18 can. 

X TRANSISTORS IN THE ERA OF INTEG RATED CIRC UITS 

B\· lhe middle ol the 1960s, IC' were already ;ivaalable commerc1ally 
Th, fact that .,.,,eral •ihron devices anterconnccied on a single chap of 
''hum could bt· made wath acccptJbh.• yield as a reOechon of the degree 
111 matunt\' -alteon device technology had reached at that time. 

IC' \IJrll'<I to place cvt'r more .. tnng<'nl rl'qUiremcnb on silicon tech · 
nului;) and i.uon the cvoluhon of that technology was driven by these 
n,,,_'(j,, "' d<">Cnb;,d an Chapter 2 of tha. bool. Of course, transistors benefited 
from further tcchnoloi;y devdupmcnts ll'adang to improvements of per· 
ft•nl1Jl\CC and C~I 

1 lw fi"t uf tlwsc dcvelopmcnl'>-llW 1d1•11tlficdhon of alkali ions as 
l>t·ani; t<''pt11i-1blc for surface 1nstabillt 1e~-IMb alrcudy been mentioned. 
II < untrabut<'<l 17ca1ly tu device •tab11t1y. 

Moll\'Jll'<l bv the problem of purpll• plague and by the high cost of 
at1.id11ni; kad., to lCs one al a hm1• by lht•rmocomprl>SSion bonding, 
I <"J"''''ll·r" 1n\l'nll'<I the gold bt:am lead t1'C'hnolo11y. based on a n""' 
u>nta11 mc1.1llurg)· The final gold lilVt'r of lhl• multilayer contacts wa' 

• 
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formed by a masking operation into gold beams projecting beyond the 
device borders, as discussed in detail in Chapter 2 of this book. AU beam 
leads of an IC could be tlhermocompression bonded! to gold wiring deposited 
on ceramic substrates or other sujtable circuit boards in a smgle operation. 

Even though beam lleads themselves offer little or no advantage for 
transistors, since only a few contacts are to be made, some transistors were 
designed towards the end of the 1960s using beam leads so that they 
c:ould be u~d in "mjun~tion with beam-leaded ICs. The metahzabon 
system itself, however. was introduced for all transis1ors in place of aJu· 
mjnum to avoid the problem of intermetallic compounds altogether. It 
pennitted gold wires to be bonded to a gold surface both on the de\ice 
and on the external terminals. 

The third IC development that affected d1screle devac~ was the intro· 
duction of the sealed-junction concept. It is baS;ed on the work of J V. 
Dalton,"' who in 1966 reported that silicon nitride is a formidable bamer 
to the migration of soruum ions, water vapor, and other 1mpurihes, even 
at high temperatures. After the effectivenl.'S$of this matenal as a 1unct1on 
seal was demonstrated by G. H. Schneer, W van Gelder, V. E Hau~r. 
and P. F. Schmidt, " 2 the conclusion seemed inescapable that a s1hcon 
nitride overcoating cou ld provide the junction seal nl>cessarv for high· 
reliability planar structlllres. Costly hermetic sealing or transl5tors in ml'tal­
glass packages was not necessary, and the way •»as paH'll for the intro· 
duction of far less costly nonhermebc packages, speofically the post molded 
plastic package, in which silicon chips are first bonded to a lead frame 
having a large number of device sites. Plastic as then molded around the 
chip. and in a final '"trim-and-form" operation, the dl'\10! " complet•od 

The reduced packaging cost, in combination with dramahcally increased 
device yield due to improvements in processing quality, brought the cost 
of transistors to well below one dollar. Furthermore. large and comphca1t'd 
transistors became pos:slble, permil1tng the design and economic manu· 
fncturc of high-power devices. 

Even though lhc development of \Cs quicl.ened in thl' "-'<und half of 
the 1960s, new transistor dcsigm. nintinued tu be n•'l"<led for such functions 
as Interfacing ICs with the external world, as "glue' betWl'Cn ICs or m 
pow11r supplic&, where largl' powcr-handhn11 capab1luy as 1mponant Th<• 
need fur transistors "' systt-m application> b rcllectl'd in the numlx>r uf 
designs transmitted by Bell Laboratories 10 Western Ek-ctn<, Fag 1·42 
shows the number of designs traMmittl'd per )'<'M h brea~ do"n the 
devices by lwrmctically scakd transistors. nunhcrme11c 1r·;in>1Slors, .ind 
b.arc trnnsistor chips (1.'ither bcJm· lendcd trnns1s1on. or trans1Stor chaps 
that nre win.- bonded into \)th~r 01sscmbhl'l>} Whale the peak of the de>1gn 
.1ctlvity is In thl! past, there Is a conlmuin)l nl"l'd for ~JX'Cl<ll 1ran>1slllr 
designs l:.vcn .1t the time of the publication of 111" b\10k th,• tr~"''"'" 
business cuntlnu<'' 1t1 be i.lgn1f\c,1nl. 
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XI. Mll UMETfR ANO MICROWAVE AVALANCHE DIODES 

II.I O.-ic• Oevtlopmtnl 

In 1964. an e~ploratory device developmen1 group led by 6. C. De 
Lvach. Jr at the Murray Hill Bell Laboralories site was engaged in 1he 
early slagt'l> of a program aimed at developing a soHd·state source of 
muhmeler-wave power. At that tune. the circular waveguide, millimeter· 
wdvetramrru;s1on system gave promise of practical, very wide-band, digital 
cummunication over long distances. (See Co11w111111ca1io11s Scie11ces (1 925· 
198(1/, Chdptcr 6, ~ection 4 2.) Eli;ctrun tubes. both traveling wave tubes 
Jnd ~lptrum, wuld provide m11limd~r-wavc powl'r for 1h1s nppHc~tlon, 
but thcv '~' L.1 t\." ah,o l.'ntumbert.~d bv ccrtilan 1nhcrt•nt cost and li(c tl1ne l1r1·\ 

• 
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ilations. A reliable solid -state device alternative would be welcomed Aft.-r 
considering several possibilities, the D~ Loach group deoded toconcentrau.• 
its efforts on the Gunn diode as a promising approach The Gurm effect . 
a nl!ga tivc rl!sistance associated with the band structure of GaAs and other 
complex energy band semiconductors, was first reported b~·) B Gunn of 
IBM at the June 1963 Solid State Device Research Conference m l..ansmg. 
Michigan. 14> The Gunn diode has developed into a versatile source of 
high-frequency power, offering lower noise but less power than a\·atanche 
diodes. 

While " wringing out" microwave arcuitry assembled to measure prop­
erties or Gunn diodes, R. L. Johnston inserted a sihcon diode, for test 
purposes. mlo the microwave cavity. When the diode was pulsed mto 
reverse avalanche breakdown, microwave osallabons were obsel'\ed '" 
Furthermore, almost any other silicon diode readily at hand produced 
similar oscillations. These first microwave oscillatiOTIS were obUlrled \\1th 
diodes having simple, abrupt p-n 1uncttoT1S and not the comple>.. tailored 
p• -n-i -n" structure, treated in the Read theory ... T. ~iisawa ;ho"-ed that 
the Read mechanisms can be obtained from a junction diode (or metal­
semiconductor Schottky-banier contact) with almost any doping profile " 
Ryder, De Loach's department head at the time, named the generic set or 
devices, in which avalanche impact ionization and carrier tral\Slt bme 
dcl;iys produce negative resistauc.-, IMPATT diod...,,. Th~ acronym >1ands 
for IMPact Avalanche and Transit Tune. 

Further experimentation by De Loach and Johriston [Fig 1--13) produced 
continuous wave (Cl"I) operation in December 1964 "•"'Tius "as follo,,ed 
by the success or the research group m acrue,mg C\\' osallatwTIS "1th a 
Read diode, n· · p· i·p+ in structure, fabricated a year earlier. The res<>an:h 
group had realized that the failure or its earlier e'-perunents musl have 
been due to circuit coupling problems rather than de,1re desgn 

In the years immediately following the mitial e~perunental breakthrou,s;h. 
IMPATT diodes were operated over the frequency spectrum trom 300 
MHz to 300 GHz, i.e., from 1 meter to 1 milluneter wavelength Effioenn· 
was characteristically less than 15 percent. The de,ices were .:Oll$trucwd 
from GaAs and gennanium, as 1.-ell as silicon. By 19it. an unpn" ~enc 
or two lo three orders of magnitude had been ach1e' ....i m l"l"'"r output 
as well as somewhat more than one order or magnuude m urper frequenn· 
limit." " IMPATT diodes could generate higher(\\ power al nul11meter­
wave fr<>quencies (greater than 1-1"/ (IV al 50 GHz) than anv 1>ther >-0hd· 
state device. 

A limit<ltion of lMPA TT diod~s is th;at the}' are\'.?':" ft\)u,.~ m U'\e,-iul-J~ 
consequence or the avalanche pr.-.cess. Dunng each C\d<' >!Mtln~ ln>m 
one or two initial pair-production iomzmg e\'ents. a l~e number OJ dt'\'. 
Iron-hole pairs are built up by impact ionization 1n the h1~h elt'Ctnc iie1d 
of the breakdown region . Particularll' a t th<> unset the randlm nJtur.- •'I 
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Fog 143 B C De lc.i<h (ll'it) •nd R. L /ohm.ton (nght) monltonng an 
~t"l<'.'1~ wh.il1• tuning macr\Jw~''" drcu1try by moving the pis.tons in two 
1nttnt.'<1lfl)t brit'\"' tu~ w opttmw.- power output from .in IMPA lT &odt. 

the 1onwillon process causes fluctuations from cycle to cycle in the time 
to build up the large number of carriers in each avalanche. These time 
fluctuabons show up as noise, bri.nging amplifier noise figures to 20 to 40 
dB above thermal notSe. GaAs turns out to be substantially lower noise 
(typ1callv 10 dB) than silicon."' 

11.2 Applicolions iJ.'I the BeU Systun 

Luruted numbers of IMPATI diodes were employed in the repeaters 
ul the field tnal of the ~VT-4 millimeter-wave system, which was held in 
I 9;5 ThJ.S cyhndrical wavt>gUide system operated over the frequency range 
~O to 110 CHi:. A 1-\\1 silicon IMPATI amplifier at 6 GHz found use 
h.>ginmng in 1973 in the m1bal mstallations of the TM-2 system. a short­
h.lul radio relay app!Jcation 14• The largest application of IMPA IT diodes 
was in a 3-\\1 amplifier at 11 GHz in the TN· I radio relay system, where 
thousand:. "'ere employed starting in 1975. An early diode burnout problem 

.. 
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was encountered in the TN- I applicabon. This turned out to bto a mani­
fl'station of a general design problem with IMPATI ampllfiers, an extreme 
sensitivity of the operation to circuit design. Detuning and other unwanted 
side effects must be eliminated by careful allenllon to the arcu1t parameters 
and oscilla tion amplitude."" In a carefully designed, benign orcu1t (and 
mechanical) environment, long diode life has been achievl.'d (measured in 
years), and predictfons were made of 107 hours mean time berw(.-('n failure 
for some designs. 

Because the layer thicknesses of some rl>giOns of high-frequency IMP A TT 
diodes are both very thin (one or a few micromelt>rs) and d~ly controlled. 
the most refined techniques were employed in their fabricabon, among 
them ion implantation and molecular beam epitaxy. The!>e process..'S can 
control layer thickness and doping down lo atomic d1mens1ons 

To avoid burnout caused by internally generatl.'d heat. des.1gners had 
the finished diodes mounted in intimate contact -.~th an n celll'nl heat 
sink, copper or diamond, the heat-g1>nerating Junction posiboned nearest 
the sink, using, for e~ample, lhe V package ifl frg 1-37 At. dEustrat\'d in 

Fig. l -4 4, the small diode package 15 almost lost in the complicated plumbmg 
of the microwave circuit. Indeed, the design comphcabons ol IMPA1T 
oscillators and amplifiers reside primarily in rmaowave engmeenng ralh~r 
than semiconductor device design 
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XIL L\fl'ACT OF THE INVENTION 

The electron tube and the transistor l'ach inaugurated an era in which 
new tK!mology brought sometluns slriktngly new to our society and to 
our soaal well·bemg The most important contribution of the discrete 
rransJStor probably has been a practical, high-speed digital computer. ln 
addition to computers. the traru.istor has made possible that extraordinary 
human undertaking-landing man on the moon and returning him safely 
to earth-as well as the commumcahons satellite Together, these accom· 
plJShments of senuconductor technology mark a second era in electronics 
technology-that associated ''"th the invention of the transistor. The first 
era. of couTSe, was inaugurated by the electron tube. 

Today we are in the midst of a third era-that associated with the 
silicon mt~ted arruit (SIC). While the hardware of this era is miniaturized 
(the functions of a 1960-era central processor like the 113M 70-lO can be 
performed bv an SIC microprocessor con tained in a package of a few 
square centimeters), the identifying feature of the ne"' era, and its driving 
force, mav well be the dramatic reduction of many orders o f magnitude 
m the cost of electronic functions. A consequence of this in our society is 
that, by performing thousands of times more electrornc functions, we are 
graduaUv reorgan1Zll1g the methods and procedures by wluch we conduct 
our datlv affairs 
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Chapter 2 

Silicon Integrated Circuits 

Muclr of tire early technology of silicon irittgrattd circuits grew out of tire 
physics, chemistry, and metallurgy of discrete transistoTS, i11cludmg a nunrbtr 
of key Be/11..nboratories devtlopnre11ts: oxidt-nrasked diffusion, photolitlrograpliic 
met/rods, tlrermocompressio11 bo11dirlg. a11d epitaxial deposition Important Bell 
l..nboratories 11111ovations for integrated circuits encompassed beam lead sealed­
j11nction devices, ion implarrtation, compltmentary bipolar integrated nrcurts. 
tire first metal-oxide-semiconductor <MOS) field-effect trartSistor. chargc-coupltd 
devices, and the self-aligned silicon gatt MOS transistor. Also important to 
tire complexity and power of modtrn integrated circuits art Bell Laboratorits 
advances in the areas of mask making with electron beam uposure systems 
and computer aids to design 

I. INTRODUCTIO N 

This chapter ITaces the development of silicon integrated orcuits (SICs) 
in the Bell System since the mid-1950s. It is really three stories: technology 
development, innovation in device structures, and applicabons We begin 
with early technology development and have inte:rtwined the stones to 
show the constant and continuing interdependence of technology. device 
and systems needs, and opportunity. The developments encompassed Bell 
Laboratories people from many organi1.ahons m research, deVJce devel­
opment, and systems development, and Western Electnc personnel at its 
Engineering Research Center in Princeton. New Jersey and al lhe man­
ufacturing locations in Allentown and Reading. l'ennsyl••ania 

The development of integrated circuits (ICs) m the 8<!11 System was 
aimed not only at improved performance, but al lower cost and hrgher 
reliability. The impact of ICs on tdccommunications, the semiconductor 
and electronics induslTies. and on society as a whole, was profound It 
started with the introduction of small-scale and medium-scale mtegrated 
(SSI and MSI) circuits durmg the 1960s Even more profound changL'S 

Pnnt1p~I authors: J M Goldey, J Jl. Fonll'f, llrul BT ~1urphy 
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o..-curred a,, the full unpll<'abOl\5 unfolded for low cost, largt'-scale integrated 
(I.Sf) and'"' large· scale integrated (VLSI) orcu1t;,, '>uch as microprocesson., 
m.-mones and custom e1rcu1ts tailored for specific .ipplications. 

ll EARLY TECHNOLOGY DEVELOPMENTS 

SIC technolog1· IS a complex composite of chemical, electronic, me· 
charucal. me"'llurgical. and opbcal technologies It is, nevertheless, not a 
n.--.. technology unto itself but 11 is part o f an cvolvmg silicon semiconductor 
de,1ce technology -..h1ch 1rubally supported transistors and diodes only. 
The histOI') of tlm technology up to the early 1960s, when discrete !Tan· 
StStOr.> reached a state of matunty, is descnbed m detail in Chapter I 
Smee then, SICs have dominated the evolunon of the technology, as covered 
in trus chapter However, ii would be difficult, 1f not impossible, to descnbe 
the history of SIC technology w1tho ut summari1.ing certain parts of the 
prt'Cedtng technology. since most of the basu: innovations used to achieve 
complex SICs wl're m1t1ally conceived as a means for improving transistors 

Wlule many .Spt.'('t;. of SIC technology are based on Sell Laborato nes 
r~arch and development, this IS not lo unply that other organizanons 
did not mal.e significant cuntnbunons, for indeed they did . No table among 
thl'S(' companies were Texas Instruments and Fairchild Industries, and 
Wmt'what later, Intel It was ) S. Kilby at TeKaS Instruments who first 
n-cugn1.z;,d that \lhcun technology could produce m one wafer of silkon 
nut only trans1st11r.. and diodes, but also resistors and capacitors, and thnt 
by mterconnccung thl'>l' elements. arcult functions could be realized.' 
R 1' l\'oyce at Fa1rch1ld contributed the idea of using deposited aluminum 
film< on • plan•r ~tructurc to form the tntcrconncchons > These early 
d .. ,dopm~nt~ -..ere (hr~nidl'<I in greater detdtl in thl' IEEE Spectr11111 m 
197!>-• truly tnt<'Tl">ttng <IOI'} ' The work led to the first commerctal 
ulfrnni; ol production IC~ in 11161 by both Tl·••' ln~truments and Fair· 
child The tntb•l •pphcahun' "''"' almO!>t l'•clu"''l'IY for mditary purpus~. 
th<· m1htar1 funded much uf the cMI)' IC rcwJrth and dl•vclupmcnt wurk 
Mo'1 Bl'll L.tboratum•' work. hkl• th•I of F.iiu h1ld, however, wJ> no t 
go,cmmcnt full(h•d 

In th1> chaptt-r, Wl' r"'tn\ t ourwlves, with n few exceptions, to n review 
of llt-11 L.iborJtum"' wor~ .• ind bvt-:tn with Jn U\'t•rvl1•w of C\!rtain n!ll•V1lnl 
f•·dtur. ... 111 tran'''tur t<'• hnul\I);)' 

f1i;urc 2-1 <h""' ~ trll'>\ '><.·ction u( a s1mpl<• bipolar SIC consisting o f 
a tlwdc, tr•n'l\h•r. and d1flu'>4.'<lrt'!>1stor. mlcrcunnt'Ctl'd by thm met.ii film~ 
d1·1>1•\ttl'<I on an m<ulatin>; laycr over thl' 'llicon Nutl' m the dr.iwmg that 
thl'll' au· muh1plc l•Y•'" ul both n·dopl'd and p dop«d m.itl!rial, and that 
111t•·tc1mm~uun 1< pruvulcd l>y well dt.•Ancd path' of ml•t,11 conrwctcd tu 
tll\' '1l1wn 1hruu11h huh•b d<•lincd In till' in~ul.itnr. 

A l.1'} pron·-. 111 SIC tl'1·hnulo11y J~ ttw 111tmdu1ti1>11 uf dopant impuriti1•s 
111tn tlw \lhron th1• r1i;ht nmount in !he tl!;ht pl~\'l' to form ;lctlvc 111\d 

. -
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Fig 2 1 S1Hcon bipolar IC schetruuc with • d1od~ 11 lt"ft. tt<lftSb.tOf it tM cmtes £nd 
d1ffuSt.-d res1'UOr .Jt rtght There arr muloplf llym of both n..cioptd •nd p.doptd GYtnW 
and 1ntrm>nnl'<"t1ons are ptO'-'•dtd by wcU·defintd pith.to of tnHll «M\tW"Clld to thf. ~ 
1h1uugh holn dofinl'd in th• 511' o"'' S.01 10>Ut.11t1g &Im El«tnul ~ i.....ttn llw 
nrcu1t t>lt"mtnis ts .11ch.~ved by p-typt" d1ffu.wd rrpont nt~ from the ~~ ~o ~ 
p-t\·~ subs1r.11e-

pass•ve components. Basic to thlS o~rabon ts the oxide-nu.sUd ddfuston 
process. The ptoneering work on diffuston for silicon de-.ices was earned 
out by C. S Fuller and J. A. Oitzenberger • ' In tlus process. unpunbes, 
generally in vapor form, surrounding the silicon at high tmiperature, enter 
and then move into the semiconductor at a rate fast enough to be practical, 
yet slow enough to be precisely controllable The amount of unpunty and 
the distance diffused can be varied over several orders of magnitude b)' 
adjus11ng the time, temperature. or vapor concentration For example. dJf. 
fusion depths are precisely controllable over a range from a small fraction 
of I micrometer (µm) to 20 iim or greater ~urface concentrahorts are 
available from 101" to 10'0 atorrts per cm'. \\1th the lulal number of duiu.<ed 
a 1oms behveen IO' 'and 101• atoms per cm' of s1hcon area. Because of the 
good control available, it IS easy to change the conducu,1i:· type of a piece 
of s1hcon several times by using 1ncreastngh h1ghn concentrallOns of 
d1fferent impurities and thus fabnc.ite transt>lurs and other romponent<. 

0~1de masking, first studied bv C J Fl'\)S(h and L Dmd. 15 a proc...,., 
by which the diffusion of impunt1es 1\ bm1tl'd to certain porban> of the 
silicon shce, thus forming region• for •pe'<'lfic functions. e g tran,1>t<•• 
bose. rc!)t$lor. etc." \"/\1..-n- u'\.idt: 1~ prt.~c•l~ no dlftusionOC'CU.l'S, and ''here 
1t is absent, diffusion of dopanls into lh<' s1hron proceeds freeh·. 0>.1de 
ma~kmg m combination w11h pholohthography offers the opporturut\· 10 
control areas to very fine lolerances For "'ample. lw 19i5, t>\ide "indo1.-5 
a~ sma II i\~ 7.5 ''"' wide were common, and much smallen,indows follmn..J 
thcr~aftcr 

It was recognized from the earlil'St di\ys lhat since diffw.1on is a batch 
proc<'~' (1 e ., many slices, each with many de.,~. can be dJffu.-ed SI· 

mult01ncously), it would be inherently a low·ca.t te.::hnol<>i;y a key featurt 
fo r the cconom1c manufacture of ICs 
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lrutialh· control of 0\1de geometry "'as adueved by such crude m ethods 
<li usmg dois of black wax to protect the oxide> from its etchants. The 
ioundation; ol modem IC photolithograph1c technology were laid by J 
And.Ju:,, who first used photosensitive etch-resistant polymers (photoresists) 
to define p.ith'ms m the masking oxide.' Although many advances have 
twn made m the mas!..· making art (see section VII), and significant im· 
pron•menis m photo~t!>t materials and aligrunent apparatus have been 
adue\ed. the basic photoresist processes used throughout the w orld m 
the tabricallOll of !Cs are essentially those of Andrus 

The first apphcabOn of photo-defined OXJde-masked diffusion to devices 
was m the semiconductor stepping device, developed in the mid- I 950s 
b\· I M. Ross. L A D'Asaro, and H. H. Loar 1 [fig 2-21 A photo of this 
d.,,,,., is shown m Fig. !-3(a) and a schematic in Fig. 2-3(b). It consists 
of tour coupled spt0al-purpose p-n-p-n transis tors that perform the m cm­
ol'\ and space transfer functions of a four-element stepping circuit, and 
r"Presents. m the ev"" of many. the world 's first SIC. 

Aluminum contacts to s1hcon are used extensively in SJ.Cs. As discussed 
m Chapter I. alurrunum metalization was used early in the development 
of trallSIStors \\1ule aluminum, which is an acceptor in silicon, is a natural 
choice for contacting p-tvpe matenal. 5. L. Matlow and E. L. Ralph of 
Hoffman Electroruo Corporation demonstrated that aluminum can also 
form oluruc contact.. 10 n • laye"' on >ilku11 .• G. E. Moore and Noyce ot 
Fauchild were the first to use aluminum to contact both n and p regions 
of a diffused silicon trans1stor.10 

ni 2-2 I ~I Ru.. (l.~IJ and l fl D """"' (ngln). wl\o. •long wnh If H Loar. do>elOJ"->d 
thf' ~uctof ''~n~ rr.tttilStQf 
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S1l1con lnUgral~d Circuits 

• 

(a) 

(b) 

f1~ 2 -J rh.: ~11,COn St~ppin}\ tr.infl'il~hlf thl• fiMi1dt"\.ltl"1U Wol' rhutu 
d~hncd t)\1de-m11sked diffu-.1on (.l) Thl• lt)\ht ht~iun\ .ar~ n 1~-pe JnJ tht" 
J,irlo. Jr\~ p lYP~ - So th \\fer~ £orTI\Cd h\· U\ldt•-n1 .. ~~t.-d d1tfu~1on (D A'i.lro 
IRL Wf SCON c.,,,,, Rrr . l't J- [lf,rr.111 C>n• (lq~q) UJ (b) !>cht'fl\1111 
o( the "'lllCl)n ~tCpp1ng tr~ln'i1'tOr. Clln\1,hnA u( four p n p n d1ud'-"" In 
ll')tT.lh.-d 1n ·' .,1ns1c structure \\1Uh ('ll""CtTodc."'1. .i11.-1;h\"d. t ht~ dL'\."IC't" Uf"'t"•l"1 
el\ .i ft'lur ''•'S~ countt-r up ht a tAtr uf ~ • 10• c-..unt\ r-.•r ~nJ 
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The eplt<ll<ral process in which thin layer.. of sanglt>-crystal sahcon ar, 
dep«.1lcd on single-crystal silicon ~ub!.trnll~ b uf p;irticulJr 1mportann• 
for bipolar ICs Ep1tax1al worl.. rn ~1hcon camNI out in the lat<' 19Sth b1 



10.. Er1ginurrng and Scunu rn l ht Bdl Systmt 

Ii C Theut>rer I I J.Jt>un.ld .. Loa.r. and H. Chnstensen under the gu1danct> 
ot RO» led to the announCl'ment of the ep1tax1al transistor at the Sohd 
State Dence Rt'S<'an:h Conf.-rence in June 1960.., Since then, this tech 
nulogv has ~n u:...-d m a broad spectrum of ~em1conductor devices 

Another>1gnr6cant "ep toward ICs was made by). A. Hoemi a t F.:11rch1ld 
with the rntroduCtJon of planar technology, m which contacts to all elec· 
tnc.allv aCtJ,·e region. c.m be made on the top surf are" In a third significant 
•tt>p by Fa1rduld pt.'Oplt>. and as a direct consequence of the preceding 
d"' dopm.mts. ,o,·ce "'tended the aluounum metaliz.abon over the 0>0de 
ior ea:.e of contae1lng de,·1ce;. of small geometry ' This metaJ-o,·er-ol<lde 
approach w·as lato?r ulo<'d as a means of mterconnecbng devices in SICs 

In most !Cs. COMl"Ct!On to the chip IS made by a gold or aluminum 
w-11e leadtng from an aluminum bonding pad on the silicon chip to an 
e>.tema1 lead on a header The process of thermocompressio n bonding, 
developed at 1!<!11 Llboratones by Christensen. 0 L And erson, and P 
Andreatch made th•> approach practical 13 

In !9EH,) A Monon. then nee president of Electronic Components 
0,,\elopm.mt. descnbed the llTlportance of lhe technologies discussed so 
iar m the foUowmg \\ords. · With its (1.e., epitaxy's) introduction in the 
hte 1950s. howt>ver. 1t pro•1ded devices of 1mpro'ed performance that 
dJlfusum and 01Ude maslong could not proVJde alone, and did this by 
augml!ntmg the eJUSnng manufactunng processes rather lhan making th em 
o~lete The combrnatron of epitaxy, OJode maslung, and cliffusion allows 
the near n'alu.atton of the inherent capabilities of semiconductor materials 
and pruvid..,, an elegant. balanced technology for integrated circuits." 

Althuugh the technology base was established by the early 1960s. the 
tt'ChnoloS'· conunued to advance durmg the IC era By then. a vigorollS 
~conductor mdustn· had developed, and while sign16cant con tribubons 
cam..- hum thl' mdu,tn at large. imponant de\ elupments continued to 
com .. lrom 1!<!11 Laboratoni" as well 

Ill OVERVIEW OF SILICON INTEGRATED CIRCUIT EVOLUTION 

Ont." of th..- earh..,t Bell Llboratories SIC developments was a family 
uf logic rucuit> for us~ in the N1ke-X sy>tem, on which work began rn 
JClbi (for more rnfonnabun on the ~ike-X sy~tem, see a companion volume 
In tlm X-Ot"i '1lbbtlt-d s~t•c•wl 5.-rt'lit"' WQT Gnd PrGrr (1925-1975), Chapter 
i) \lulbdup SIG. rn whlCh tral\SIStor.. and resi;tors were fabricated on 
1ndindual dup<>. albeit "'"eral componenb per clup, were bonded on a 
cummon .ub<.tra1 .. •nd rnkrconnected by thermocompress1on-bond ed wul.'S 
and then h..-nnehcalh· ~aled The 511Jcon device tl'<'hnology of lhat time, 
d,'>Cnbt,d above, was u'K'<I tu proVJde cu~tum circuits that enabled the 
J\ik., >y•tem to mwt dl'manding ob1ectives A photo of one o f these early 
<'II«uit' " ~ho" n rn Ftg 2 4 

r 

-
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Fig. 2·4. Early developmenial ' '•rs•on ol Ni~e·X mul11ch1p IC T"'orypesof mulnplt "''"h" 
chip and one l)'p4: of mulhplc · lrJnsi-.tor th1p "'ere u"<d 1n •b co'"tn1(teun 

Customized I Cs for specific system applications are charactenstic of Bt>ll 
System SIC developments. Customization required a strong and conilnu,'d 
interaction between members of the systems development and th1: elec· 
tronics technology development areas. Such interactions served to shape 
the development of systems hardware m response to the promise of the 
developing SIC technology and to tailor specific SIC designs to op11m11e 
performance, reliability, and/or cost of the equipment However. despite 
the custom nature of many SIC developments, a considerable numbl!r uf 
these found general Bell System applications, and often the e><pencnce 
gained in specific developments was applied to produce device fonuhl'!> 
for 5cneral Bdl System use . Thus, SICs became important tn .s v.im:ty uf 
Bell System developments and an import.int economic Factor m Wbtcm 
Electric: production. 

A condensed summary of the way in which SICs were developed for 
some of the major Bell System applications is provided in the chronulug1cJl 
flow chart for SIC development in Fig. 2· 5. which show:. ma1ur m1ll'l>lune!> 
in both applications and new device and circuit configurauons. The chart 
illustrates how IC development proceeded .it Bdl Lllxm1lonc:. S1gnific.int 
tcchnolog1cal event!> and applicohons are also ~hU\~n for n~w"r product 
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Fli; 2 5 ~IC d<-.lopment '" '"" e..-u System To lh• ""or each branch Att shown Slgruficml 
t«hnulupul •nd 0KU1t drvrl<1pmcnb wnh ias~ted appheat>On.s shown on the nght 
ll<po.11.u dJi;i~I oranto umt fin.I. Nkod un dalfu..-d •dicon tr1n.mtUt l«hnolugy. they IL'CI to 

L!ol. •n «&mp!. ul wharh b th. COM KEY 416 key l••l•phon• Sy>l•m Two tnbuu.n .. ol 
th< m.&11\tu .. m .,.. ltn""-' bopul.u •nd MOS !Cs nw lut brmch •w•y from 1he MOS !Jn<' 
oqh•• CCD lone (" ~l<'<ro ><:rVl<< m.uk or AT&T Cu i Tud...,.ork ul AT&T Tt.'Chnologi"' 
lno t R'W'''"nl 1r•<km•rk or AT&T Cu I 

lme-; In the lnt~l1.'5ts of brevity. however, not all technological events or 
appbcation) have been included in thi& figure. 

Aflcr tht! early apphcat1on of the d1g1tal bipolar silicon components in 
Nil-e-X. th<• bun.oet colk>ctor, junction-isolated monolithic structure (also 
l.nown a~ ~•andard buned colJector and referred 10 hereafter as SBC; see 
$1.'Cbun ~ I) rapidly became the most frequently used bipolar structure. A 
b<!nl.'!> of de,clopments and applications followed, and early in 1974 in­

tegrated m1ect1on logic (l'L. see Sl'Cl1on 4.3) and guard-ring isola ted mono· 
hth1c int,-i;rated orrull (GIMIC) l<>chnolog11.'S began to ht! applied to b1poldr 
LSI (!>!.'<' :.<oebon 4 4) Soon afu~r 1he early development o f bipolar digital 
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circuits, the SBC technology was applied to linear SJC development (linear 
bipolar branch) and continued through many applications and modifications 
until a completely new, complementary bipolar integrated orcuit (CBIC) 
structure was introduced in 1971 (see section 4.6). The second branch 
from the bipolar digital line occurred about 1967 when metal-oxide-semi­
conductor (MOS) development was initiated (see section VI), which later 
became the leading LSI/VLSI technology used in the Bell System. 

The last branch on the SIC flowchart, the charge-coupled device (CCD), 
was a Bell Laboratories invention, conceived in late 1969 (see section 6.5). 
The CCD extended the available silicon technology to produce new circuit 
functions by introducing a concept of voltage-controlled charge transfer 
along semiconductor surfaces. In its simplest form, a CCD is an array of 
MOS capacitors between which charge can be transferred by manipulation 
of electrode potentials. Appropriate charge generators and detectors are 
also needed. 

IV. BIPOLAR INTEGRATED CIRCUITS 

4.1 Bipolar Device S tructure 

Following the transfer of Nike-X circwt development from the Murray 
Hill, New Jersey location of Bell Laboratories to the Allentown location, 
the potential for ICs was quickly recognized, and design interactions be­
tween system and development areas proceeded rapidly, concurrent with 
the technology development. The first !Cs to be widely used were SBC 
bipolar circuits with junction isolation. 14 A cross section of the basic SBC 
transistor shows the buried collector, so called because the low resistivity 
n-type collector region is first formed by diffusion in a p·type substrate, 
then buried under a relatively high-resistivity n-type layer grown epitaxially 
over the entire surface. [Fig. 2-1] P-type diffusions through the epitaxial 
layer forrn pairs of back-to- back diodes that electrically isolate collectors 
from one another. The base and emitter junction.s are then formed in the 
epitaxia l layer by su ccessive diffusion processes. This structure allows the 
collector to be brought out at the top surface where it can be contacted 
by the same deposited metal layer with which emitter and base are con­
tacted. 

One undesirable feature of bipolar transistors, long a limitation on their 
use in switching circuits, is their excess switching delay because of mmonty 
carrier storage, which results when the collector junction becomes forward 
biased in the ON condition. This delay can be reduced or eliminated if a 
diode with little or no charge storage is connected in parallel to the collector 
junction. ) . R. Biard at Texas Instruments was the first to pwpose the use 
of a metal -semiconductor diode (Schottky diode) as a shunting diode.'' 
after D . Kahng and D' Asaro had demonstrated that such diodes have 
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pra<1ulll no llUJ\unt\ earner storage.'• 17 Using an improved Schottk) 
diode structun!." fullv compabble "~th the evolving transistor technology, 
E R Chenette, ). J. Klc1mack, R. Edward~. and R. A. Pedersen '" dcm­
on>trat,-d a Jrastic reduction in S\vitching dela1• by integrilting thl.'SC diodes 
mtu the trans1>tor structul\!. a h.>chmque now widely used tn bipolar !Cs. 

~.2 Bum lHd ~•lod·Junction !BLSJ) Technology 

It wa• menboned above that the basic technology provided batch fab­
n•all\ln ut the transll>t<>rs. res1Stor.. and dux!es of an IC But it was costly 
to attach leads one at a brnt' b,· thermocompression bonding individual 
wu<>S "''"!I the bonder.. then available Beam lead technology, mvented 
bv \I P Lc~lter IF•g 2-6J, offered a new contact metallurgy and a 
srructur~ that pro,1ded dLScret" de1~ces and IC chips with leads attached, 
a. shown in Fig 2·7 > The gold beam leads ar~ formed during slice fab­
ncaoon and are thu~ an integral part of the chip. The free ends of the 
beams can be simultaneously attached to a suita ble metalization on an 
appropnak ~ubstratc thus elmunabng the one·at-a-tune bonding of in­
dl\idual "ires 

Ii reliable semiconductor devices and ICs were ever to be freed from 
the !ugh costs associated with packaging in expensive, hermetically sealed 

f1~ 2 6 M r l.!'~h1or. inwntur of beam l~ad tl!('.hnology, which 
c.amf') b.t1ch ptU11;MoS1ng to h.•Jd f<>rmabon .ind IC attachment 
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Fis. 2-7. Photo ol a beam le•d SIC. The l••ds ore formed 
dunng the sbce processing .ud a.re subsequently s.unul~· 
noously bonded to a metalized ceranuc substrate.. 

Ill 

enclosures, it was clear that junctions and surfaces would have to b<! 
protected from contaminants by other means. As covered in more detail 
in section VI of this chapter, Fairchild workers, pursuing the improvement 
of MOS technology, first identified alkali ions, principally sodium, as the 
source of the Si-Si02 surface instability. 21 In trace amounts, these mobile 
charges drift through Si02 films under the influence of the local electnc 
fields associated with biasing conditions, causing unstable device char­
acteristics. It became dear that a junction protection must be imper.~ous 
to sodium. 

Beam lead technology provided a partial solution to this problem by 
extending the contacts over the junctions where they came to the surface. 
However, the complex topography of !Cs was not geometrically compatible 
with this form of protection in many cases. j . V. Dalton, in a news item 
presented at the Electrochemical Society meeting in May 1966, reported 
that a film of SiN is an effective barrier to the migration of sodium ions. 
even at high temperature.22 An unusually inert compound, SiN has turned 
out to be impervious to water vapor and to nearly all other harmful con-



112 Engrnrtrrn,~ n11d S(1t11et i11 t/1~ Btll Sys/rm 

tam1nants G H Schnl~r. W. van Gelder, V E. I lauser. and P. F Schmidt, 
working at the Allentown Laboratory, demonstrated the elegance o( S1N 
a5 a 1unctmn !><?al against sodium contamtnation by applying it to ;:i transistor 
5tructure under dcvclopmcnt.n They depositl'd a IOOO·angstrom lllm o! 
amorphous SiN as an overcoat on slices containing planar n-p-n transistors 
aher final oxidation but before etching contact windows. Thus the junctions 
"ere passi,·ated by a clean S1-S102 interface. New and conventional batch 
chenucal techniques were employed to o~n contact wind0\"5 through 
the composite 511\ ·S10, layers. This sealed-1unebon technology \Vas rapidly 
cvmbmed ",th beam lead5 to form the beam lead sealed-junction (Bl.SJ) 
technology. which was uo;ed m a "~de vanety o( Bell System LCs. Th~ 
d~vell>pments e~tended batch fabncation concepts (originating with d1(­
fus1on !or 1uncbon formation) to the lead attachment and encapsulation 
processes Bl.SJ dcvicl~ were the first high-reliability devices ma nu facturl>d 
that dJ.d not requue a hermebc enclosure. 

At the rune th~<' developments took place. the tantalum thin- film tech­
nologv evolved as dl"S(Tl~ m detail m Chapter 9 of this volume That 
technology offered mterconneellons, resistors, and capacitors (as needed) 
on a cttanuc •ubstrate Beam lead s1hcon chips could readily be attached 
b\ thermocompr~~1on txmdtng to gold metahzahon appropriately de· I 
pos1tl'd un the ceramic ~ubstrate at mterconneebon points. Figure 2 -8 shows 
an example o! such d arcu1t mterconnechng several beam lead ICs. 

-·----11.;mt_. ...... .--~ ., .. ,, .... 
,...-_.-.,,,,=-·~~--" .. , ..... _.._.., ........... ~i ' 

- 'R .. -.,..., ·-· ·~.r 1,..1 

' -
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This system cumbmed a number of appan.>nt advantages, parllrularly 
for the level uf integrahun of the late 1960s. Active devices could be 
prctl'Stl' d and selected before attachment to the substrate Resistors and 
capacitors could be made vver a wide range ol values and, when necessary, 
to very close: tolerances Many silicon chips could be thennocompress1on 
bunded in a batch process-as many as 50 chips per substrate This in 
turn, howcvc:r. called for complex gold interconnection patterns on the 
ct.>ramic substrate with multiple gold crossovers, introducing a fair degree 
of complexity into the film technology. 

Since gold beam leads fur attachment were an essential feature of the 
concept. and since Bl.SJ devices were highly rdiable, the standard aluminum 
metalizahon of prior planar transistor designs was supplanted by mulhlayer 
metalizations, always ending with gold Gold then became the standard 
interconnecting metalization on bipolar silicon chips in Bell Laboratonl'S 
designs of SI Cs. Later. this turned Ollt l<l be a di\ ers1on from the central 
development path for MOS and other complex extensions of planar IC 
technology. Aluminum has turned out to be simpll'r and better for LSI 
and VLSI circuits . 

~.3 Logic Circu its 

In 1965 and 1966, designs combining SBC and Bl.SJ technologies pro· 
duced a family of transistor-transistor logic (!Tl) circuns for general­
purpose use. Some of these found their first apphcanon5 in thl' \I l · 2 
multiplexer and the 02 channel bani.. as reporn-d b\' J. S. Ma\'o and 
M. G. Stickler. 24 Also at this time. the same technolog} was applied to 
the development of a family of resistor-transistor logic circuits that "'-'rl' 
used originally in the 203 data sets and later m the DJ channel bank and 
other systems. Both of these circuit families were lat ... r used in man\' oth ... r 
applications. In 1966, a redesign of the Nikl'·X arcu1b wa~ bl'gun u•m~ 
Bl.SJ technology. Most of the BLS) cirCllits remained mulhchsp m fonn 
while a few were redesignl'd as SlCs 

The applicat1uns of bipolar k>g1c in S\\~tchmg systl'rns wen? parhrularh­
extens1ve. Continuous interaction between the switching and d~\l(I' Jrl'aS 
on IC design and application b('gan with th<> cons1d.,,arwn <•f muhll hip 
circuits for the then developing I ESS· :.w1tch in 19o2 Alth<>ugh muhsch1p 
circuits d1d not prov" economic 1n that apphcat1on, later a lam11' of Bl.SI 
logic c1 rcu1 ts (23-type lCs) was d<·s1gn<'d to b<' equl\.,ll'nl le• thl' d1'.•<"T<!I<' 
low-level logic (LLL) gatl's in th•' t ESS •'lectromc <witch Although urnm~ 
and .-conomic~ did not po.'m1it th<'IT applica11on in IESS '"11'h"' th""'· 
devkes wc>rt' later u~ed in the traffic ~en·1ce f'\l$1lwn ·~ •tl'm (T5l''il Tht' 
TTL c ll1ps discu~s.(>d "'lll41\'e. fin,t \l~t-<.i 1n 1r,1nsn,1ss1~1n s\-st-..•m.1o,. ''er\! -.ub· 
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s<'qu<'ntly used 1n thP core memory introduced as call store in the I ESS 
el«tromc S\\,trh m 1968. Other custom bipolar designs completed m 196'1 
were used m the 2ESS switch penpheral decoder (These and other aspects 
of ;witching systems are covered in Sw1tc/1111g Ttclmo/ogy (1925-1975), a 
companion volume of this series.) 

In mid· 1966, it was evident that the available SIC speed performance 
could make possible electronic switching system central processors with 
greatly improved call-handling capability, and join t efforts were continued 
to improve system and device designs for maximum performance. The 
result of this work was the IA logic family. a series of high-speed logic 
chips first used in the IA processor and later used in the 4ESS electronic 
S\\~tch. 1 ESS switch trunk hnk network. and No. 3A central control used 
m JESS and ~B ESS switches. These orcu1ts were made in the collector 
diffusion ISOiation (COi) structure, invented by B. T. Murphy." Thetr func· 
bonal density was supenor to circuits commercially available at th"t hme 
and they were designed to 1mpro,•e system performance at minimum cost 
COi technology. like the earlier SBC structure, uses junction isolation and 
a buned collector, but the epitaxial layer IS p type rather than n type, and 
the 1solabon is therefore obtained by an n-type diffusion that also serves 
to contact the buried collector As shown in Fig. 2-9, a separate p·type 
ISOlabon is not required. Because of this, and since no localized base di ff us1on 
is needed, the COi structure is simpler and more compact than the SBC 
structure, allowing more circuit functions to be packed on a chip of a 
gwen s1i.e. 

Up to 50 of these circuits were interconnected on a single piece of 
ceramic in a physical con6gurahon known as an FA pack (see Chapter 9, 

• 

--
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Fig 9-9) The switching system design organiutaon developed a computer­
aaded system with which many hundreds of FA packs were designed. The 
low anterconnl'ction capacitance minam11ed crosstalk between different car· 
cuat nodes so that the system Opl'rated wath excellent noise margins at 3-
volt (V) power supply, so that the required speed could be achieved at 
significan t ly reduced power consumption, a performance considerably bet 
ter than that for conventional 5-V circuitry of that time. Only many years 
latt•r dad the low-power, Schotlky diode transistor-transistor logic (l.S· TIL) 
family reach that performance. 

As the level of integration grew, FA packs needed in large quan tities 
were cost reduced with new MSI or LSI chips designed m l'L."·" One 
such application, a cost-reduced FA-772 circuit pack, used in the I ESS 
swi tch, went anto manufacitlre m the mad-1970s. In the new circuit pack, 
24 COi and 12 SBC chips were replaced with 2 l'L and 2 SBC clups 

At the same time, bipolar LSI came of age an many applications. Bipolar 
read-only memory (ROM) chaps (1024 bats) were mtroduced an the 209A 
data set early in 1974. Followmg the FA-772, a 250-gate l'L clup went 
anto manu facture for use in the COM KEY• 416 telephone system, and 
other 11L chaps followed in the 40011 key telephone unit and other ap­
plications. 

4.4 Ion Implantation 

As stated above, oxide-masked diffusion, for introduong dopants mto 
the semiconductor in a controlled manner, is one of the most important 
processes of IC technology. Ion ampla ntabon provided a signilicant e~­
tension of that technology In the ion 1mplantatJon process. an energetic 
(30- to 400-kiloelectron-volt) beam of ions as cltrected at a silicon slice so 
that the ions are embedded m the latbce They can later be annealed and 
red1stnbuted by diffusion to form a highly controlled doped semiconductor 
region Masking, as in cltffus1on, can be achieved by the use of oxides or 
by photorL>s1st alone The strength of the aon 1mplantat1on process is its 
pn.•ci~e control of the total number of dopJnt 10n~ implanted simply by 
mcusunng the total charge deposited per unit area At any given doping 
level, control is at least .in order of magn 1tudc bcttt'r with ion 1mplan1ation 
than with conventional diffusion, and controlled dosages down to IO" 
atoms per cm2 are readily achieved wi th ion impldnt.ition, compared to 
about IO" atoms per cm' for diffusion Ion 1mplJnlation 1s an extrenwly 
cffoctive process at very high as well a~ .it low dosage levels It produces 
lower rc&a~t.rnce buned collector layers at higher yield than does diffusion. 
and tha~ was one of 11s first ma1or apphcat1on~ 1n ICs 

Actually. the ongan of aon implantation dates back to 1950 when. an 
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connection ""th treabng silicon by ion bombardment, R. S. Ohl28 recognjzed 
that ions of donors or acceptors could be introduced to affect the properties 
of a surface layer. A patent on ion implantation for semiconductor device 
fabncation as it is known today was filed by W. Shockley in 1954,29 well 
ahead of the mibabon of active development at Bell Laboratories in the 
mid- to late 1960s by A. U. MacRae:10 This development benefited greatly 
from work in the research area under the leadership of W. L. Brown, in 
which high-energy ion beams were used to study channeling in silicon.31 

An important a,,pect of any technology is the equipment that makes it 
work. Investigators at the Engineering Research Center of Western Electric 
recognized this fact and set out to design and build an ion implantation 
macrune with full industrial capability. Their PR-30 machin e, d esigned 
by a team led by W. Samaroo and). L. Blank, was the first designed and 
built for high-volume manufacture capable of providing both rugh and 
low dosages.n It placed Western Electric in a position as an early, large, 
and diverse user of aon implantation technology. 

New structures are also achievable '\lith ion implantation technology, 
and the GIMlC structure described by P. T. Panousi.s and R. L. Pritchett 
is an important example.'3 This structure is similar to a triple-diffused 
structure, wruch requires no epitaxy. It is practical only vnth the doping 
control offered by ion implantation. Because of its simplicity, it leads to 
lower wafer fabncation cost. 

GIMIC LSI chips were designed for use in 04 ch annel banks, 4 £55 
switches, DfMENSION' private branch exchanges (PBXs), and other 
systems. 

4.5 Cat;ilog Transistor-Transistor logic ('TTL) 

In I 970, rapid improvements in IC technology and the shortening d esign 
cycle for systems led to the need for off-the-shelf, general-use !Cs for 
digital systems in dual in-line packages (DlPs). Fourteen TIL codes were 
designed for digital data systems in 1971 . In 1972, TIL codes were s tocked 
for off-the-sht:lf availability and described in a Western Electric SIC cata log. 

Catalog TTL provided !Cs with a limited range of functions. For higher 
levels of integration, TTL gate arrays were designed and made available 
in 1974. Since only the interconnection levels are involved, gate arrays 
can be quickly and inexpensively customized to perform a specific circuit 
function by using an appropriate interconnection pattern. A single gate 
array typically replaced four or more SS! circuits to provide extra system 
economy. 

At the high-speed end of the performance range, a new performance 
!unit was established with the emitter coupled logic circuits first made in 

• Tr•dem.ult o( AT&T Co. 
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1968"" using an air asolahon process onginally descnbed by Lepseher, 
11 A Waggener, and R E. Davis that virtually elmunated asolabon ca· 
pac1tance belween lransislors m the rncu11.'" 

4.6 Bipolar Linear Clrcuila 

The application of BLSJ technology to linear orcu1ts followed its ap 
plication to digital circuits almost immedialely Development work on 
monolithic IC technology at the Allenlown loc•hon dunng 1965 mduded 
operational amphfiers, preamphfiers, and cuslom orcwts lot the Touch· 
Tone calling dial Smee a ma1or portion of the developmenl effon at Al 
lentown was directed Iowa rd digital !Cs, hnear de•·elopment effort "as 
expanded in 1966 al the Readmg Jocabon, wilh the development or two 
families of cus1om !Cs for PICTUREPHONE• visual telephone senice and 
for an improved spcakerphone design. This act1v1ty represented the first 
major syslem development effort in the Bell Sys1em using a faouly or 
hnear res. 

ACbvity in the development of linear !Cs ~w rapidly through the 
latter haU or the 1960s Temperature-compensated vollilge regulators" ne 
developed in 1966. The first use of DIPs m the BeU Sys1em was m 1967 
for PICTUREPHONE visual lelPphone service de,,~ In 1968, a 1omt 
effort with a group developing power systems was undertaken to pro•idP 
a standard fonuly or devices. Fwther innovabON Ill 1969 mduded the 
use of ion implantation for bipolar-compabble. 1uncbon 6eld.-effect tran­
sistors and high-value resistors, melt-back tnmnung 10 fine tune resislor 
values, and the inclusion of lateral p·n·p transislors 

At this time, it was recognized lhal development of onlv custom lmt'ar 
!Cs did not necessanly best serve the total n~ of the BeU System and 
that 1f general-purpose amplifiers. osollators. nmers etc could be de­
veloped to fit broad areas of application econom' m de•elopment t'flon 
and increased efficiency could be realized 

To achieve 1h1s ob1echve, a mult1organ12.11tonal ta)\. force. chairn! b1 
J. B Singleton and C. F Simone, was forml'<I an l'li>'l h induded r~r · 
rescnlallves from several Bell L.1bora1ones areas and \\l~tem Elt.'(mc. and 
encompassed ,111 aspects of linear ICs. lncludani; c1rcu11 and de\'lcc de:-11;n 
de~1gner training applications, and producl plannins The task forci.' w.is 
rci.ponsible for devl'lopmcnl of a largl' famalv or h1gh·pcrforman«> Sl'll•·ral · 
purpose linear !Cs that provided an e\Cellenl fit h> 0.,11 Sut<m n.-,.J> 
Wl-stcm Ek>clnc ~h1pp..oJ o1 large number of JCs ,,f ta•I. force sen~ 1,,r 
U!>C in a vancly of Bdl Sy~lcm pro1ects. such ,l\ th\" 03 channd bani. 
d.ua sets, speal.erphonc. PICTUREPliONE v1>ual i.lcphvn~ ,,..,... ,.,. 
voiceband 1nlcrfocc uml (VIU), and DIMl:NSJO:O.. l'B\ Th" broad fJm1h 
of hncar IC!> w.1~ made possibll' by tcchnoh>garal a<I' an~m\'nts ~u•h a< 
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Fig 2· 10 Th• c:omplemenury btpol.u 1nt"&"'tod OmJJt (CBICJ structure, 
th-.- first to pro"·rdr h1gh·perfonn.a.nce \•ertJc.al n·p·n a.nd p·n·p transistors 
cm tht same substrat~ Up to SlX ion lmpla.ntanon optt.ttions are used in 
us fabncabon 

the development of lateral p-n-p transistors, 60-V capability, and high­
value ion-implanted resistors. 

The most significant technological advance made by the task force was 
the CBIC structure." This structure is shown in Fig. 2-10. With this tech­
nology. which makes substantial use of ion implantation, high-performance 
ISOiated vertical p-n·p transistors can be made on lhe same chip as high­
performance n-p-n transistors. with major improvements in frequency­
power products and simplification of stabilization circuitry for linear SICs. 
A second generabon of improved performance operational amplifiers was 
developed, and custom circuits such as a pulse regenerator for the Tl-C 
carrier system and a high-speed analog switch for the DIMENSION PBX 
used this technology 

In addibon to the general-purpose catalog family of linear !Cs, a number 
of 1mportan1 custom linear SICs were developed. These S!Cs included 
detectors, comparators, oscillators, converters, variolossers, voltage regu­
lators, electroruc hybrids, data couplers, pulse regenerators, analog switches, 
and digital/analog converters for use in almost every major system de­
veloped by Bell Laboratories after 1965. In 1976, custom linear !Cs rep­
resented about 70 percent of linear !Cs manufactured for Bell System 
applications. 

V. SOLID-STATE CROSSPOINTS 

As mentioned m Chapter I, already in the mid-1950s, solid-state devices 
were seen as a taJltalizmg alternative to metallic switches for crosspoint 
applications" Jn pamcular. the p-n-p-n switches developed at that time 
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exhjbited acceptable ON-OFF impedance rahos but did not gain a place 
in the newly emerging electronic switching systems The reason was that 
newly developed ferreed switches could withstand higher \'oltages and 
could pass ringing signals, battery vohages, test signals, etc., whereas these 
functions had to be performed wilh addittonal rucu1ts 1f the p-n-p-n 
switches were used. Solid-state switches were, however, used m l:lme 
dJv1s1on offices in which the electric.al environment was more favorable 
In the 101ESS switch and, later, m t.he DIMEl'l:SION PBX series. these 
devices transmitted pulse amplitude-modulated (PAM) signals through the 
switching network 

Sohd-state switching also received a big boost 1n the 4.£55 S\'1tclung 
equipment developed in the late 1960s and early 1970s for large offices 
providing long-dis tance calling. The network signals are coded in the com 
panded pulse code modulation (PCM) formal used for digital 1ransm1ss1on 
systems, and the network fabric is constructed entirely from standard 
memory and logic !Cs. (For additional mformahon on electronic switching. 
see Switcl1111g Ttc/1110/ogy (1925-1975}, a companion \'Olume in till$ senes.) 

P-n-p-n IC technology evolved as well dunng the 1960s and earl) 
19 70s. Air-isolated and dielectrically isolated p-n-p-n arrays were developed 
for low-vollage applications, and the latter technology was extended to 
give devices with a breakdown voltage of about 300 V A iuncnon-JSOlated, 
and therefore lower·c~t, stn1m1rP was developed that used features of 
both the CDI and CBIC structures described earlier; 11 was intended for 
use in advanced electronic key systems. 

VI. METAL·OXlDE-SEMJCONUUCTOR CMOS) INTEGRAnu CIRCUITS 

6.1 MOS Device Structure 

Two papers presented at the Solid State De\1ce Research Conference 
held at the Carnegie Institute of Technology Oater Carnegie-Mellon Uni­
versity) in 1960 provided the departure points for two key developments 
in IC technology. One, as mentioned earlier, 11 desmbed and demonstrated 
the tmportance or epitaxial growth in device technology, and led to the 
development o( the SBC technology. DevelopmentS in bipolar technolog\' 
were then quite rapid, and the IC industry. based on tlus technolog\. "as 
already flourishing by the mid-19605 Thi' other paper. by l<ahng and 
Atalla, described the first MOS device, an insulated gate field-effect tran· 
s1stor (IGFET).,. These devices are self-1solating and therefore need no 
separate isolation diffusion, thus making possible !Cs of !ugh funcnonal 
density. The basic MOS transistor structure is shown m Chapter I Fig 
1 ·31. Because the MOS transistor is self-isolating, 1t 1~ considerably smaller 
than a bipolar device laid out to the same lithographic d~ rules. An 
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""rl' ~10S IC wa~ rrp<>rtt'CI by~ R I luf;tcm and F r. 1-lclman at RCA,'" 
but t'•pl1ut .. t1un v..;, 'luwt•r th•n it wa> for bipolar ICs, partly b.:cause th• 
d1•\ 11.:n lhcmselv-. .... WL·rt.• nt.'WL'r .lnd prt.>scnlcd new dt:sign challenges, but 
pnm•nl\' b ... ou..., the avau•ble technology could not provide high yields 
uf t•lt•t"tnt.:dll\' -,tablf dcv1c1."> 

M Y.1mm •nd F L Wurthms found ionic conduction in S iO, layers al 
wmpcr•turl">.,, luw a< 150 degree .. C." Their finding dem ons trated that 
-..omt• 1un11..t.-d 1mpunty was mtlv1ng 1n 5101 undt-r the influence o f eleclric 
fields 111 form ,, layer of fixed charg• at the Si-SiO, interface that m odifies 
the d .. ctncal prupcni•"' of fi<•ld-effect devices uncontrollably. D. R. Kerr, 
I 5 Logan. P J Burkhardt, and W. A Pliskin" of IBM demonstrnted that 
lhi; unufonttfietl tmpunty could be gettered by phosphorus glass, building 
on the ••rher work of A Got'llbergcr •nd Shockley, who used phosphorus 
fo:l.u.> for gt•llenni; metal precipitates from ~iliron lo pruduce junctions of 
hti;h breJJ..duwn vollo~c" l'mnlly in 19&5, E. Snow, A. S. Grove, IJ. E. 
Deal. a.nd C T Suh of Fn1tchdd idcnlifil-d the iuns as alkali Ions, mairliy 
'\vdJum ions •• 

Thu., Uw mtroduC11un of a ph05phorus glJSS gcllcr into the MOS process 
1n !ht• ft1rm c>f a th1r1 lily~r ,,vcr tile n•gular t>x1de- offered an approach tllnt 
provided th" n1•1•dc'CI MOS •l,1bility. 

b.2 Dual D1rl•ctrlr MOS lnl•gralrd Circuit• 

At 8.>ll l..Jtx1r,Jl<1nc•. •t.lhl<' MOS tr•nMsto~ were produced by extending 
iht• BLSJ lt'Chnoh•gl' tu th1•s;• structurt.,. Ali hough the direct BLSJ s tructure 
"'"'!: S•N "' 1lw -.·,ollng tn>ulutur over S101 did no t produce s 1able MOS 
d'-'\ ' lll~ 'tJbll• Ul\l'l\l".\~ulatl•d dl'\llCl'!'i '''t.'rt.• crcat~d by 11 . E. Nigl1, J. 
St.it 11 a11d R 1\1 J.1cc>b-., lJ:-,1n,; .1 du11l -dtl1lt•Clnc !i>lructure \v1th Al10 3 In 
p111t ' ' tJI S1N uodt.•r 11,.._. ~~It.• 1..'lt'l"lrodt'. \,11Jlt tl1l' entire dt•vict.• structur(> 
Ct>.tl1•d \V1lh i;,1hcu111• •" Tilt.' du.ti d1l•11•rtnc !r.lructtJrt· gnve lhf.•t--c d\.'\1lces .1 
lt•\v thrL''''l1ld \'11llJ~l·-tt~'pr(,.~:11·n.lh,•ly I V- \vh1cl' dllc;\,•t._\d MOS cteviC't.'S 
llt tnt .. •rfJ( \' r1.;JdllV \\'Ith Tfl lt,~t(' 'r1,1~ is not t)1(1 Ci.lSl' rot tile hif;ht•r 
tl>rt•,holJ 'oltJt;<' oJ • tnglt• d1dt'Clt1<" rnet<il g<>t<• MOS d~vices. 

In llloi, d .. v<'h•pment dtort begdn on dual didt-<:tric MOS IC> for <pe· 
cJfil "f'plu:.il1l•n-. ·rh .. • l\1,.;h fuc\rt1t,1l.1I dl'l\~ity nlad .. \ po~:.ibl-.· \.v1tll tl1i~ 
ll"l l,1\l•lt.•~\' \, . ., .. "Pt'ht•d t1..1 tilt' dt·~ign tif IC~ fur u:,e in ti''-' 2ESS e ll·CtrtJni"· 
''v1tr l1 pt•npl1t•r,1I Jt•(tl-i.lt.•r, J funttit111 111,11 '"'l~ bt•ing l1a1ldlt.•t.I b)' biptlli'tr 
::,<,( duf" lht' J,·"i;n. wrnplt•lt'd In 1969, rt•pl;1ced 11 SSI chtp' w11h ,, 
-.11,>;I•· , 1111' '-l•nt.111unh 1201,,~1t' t;"t''" l1-.l1u,,1t.·d tJ-1 .. · pt.tlt•ntl.11 for .,,.._,,•ing!> 
1n ''""'lt'm t..t,,t bv 111tcgr.1 1111~ nltJrl' ft1nt.t1vt1) tJn ' 1l1cc.ln \Vitl·1 (\l!ttc.>nl IC 
d•'"):'" It .tlwJ,•1111m,tr.11cd tlwu1t11pi11tbthty of tlw low thrc;.hold volt.1i;t• 
"ll)'t ll'1 t'"'"'~'' \Yttl\ ~1 lHpl11Jr d\•\fl~ c t.'l\VIT(Jnmt~rl l 

Sh1111ly thl're•fl"r. d1•\'d11pnwnt w•S cumplcwd for a famil y o f MOS 
dl'VI<<'> lor tlw >1>l»<rtb<-r loop multlpll·~N >Y•h:m T hi> applic;iti<>n rep· 
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rt't>ented 1hc first use of LSI circuits in remote plant equipment And soon 
1hcreahcr, in 1972, designs for cu>L01m logic. rotary dial conver"on, and 
memory chips for use m the TOUCH-A-MATIC" telephone were com· 
plctcd, making possible the introduction or t.5l 1nto ;ubscnber equipment. 
and pro•iding for the first time the required function~ di a market­
able cost. 

In 1970 and 1971, 1he advent of a b1polM output stage on an MOS 
circuit and the depiction load, a currtnt source-like load element, provided 
another m•jor increase m 1he potential •pplications for MOS Ju The 
c<>mbinntion provided higher speed. simphficatlon or powtr requirements, 
and improved compatibility with bipolar circuits These orcu1ts were first 
used m the TS PS to provide decoding storage and dnve functions for 
opcrawr's r<>nsole light-enutting diode (LEO) displays. and other functions 
ro:quiring compatibility with diode·lr•nsistor logic and 1TL orrults De­
piction load designs were included in • 1974 LED driver used in the 
DIMENSION PBX and many other dual dieiectnc codes 

6.3 Slllron G>tc MOS lCs •nd S•mirondurlor M•morl .. 

Whiiecxplonng alternative MOS tcchnologics, R. E Kerwin, 0 . L Klem, 
and J. C. Sa race in 1966 invented the self-aligned sllioon gate MOS slJ\lcturc, 
in which the gate electrode is formed by deposited p0lyayst:allines1hcon." 
[Fig. 2- 11 I In this system, a lo"' threshold is possible • ' ·en \\ith • single 
SiO, dielectric. Since the silicon g•t• withstands high-tcmptrature pro· 
cessing. it can be formed at an intcrm<'<liate stage or device fabncahon 
and c<in be used as a masking material to define source and drain r"S'Ons, 
giving sdf-olignmcnt uf the~ r<'gions and re.ultlng 1n more compaet 
devices. Futhcrmorc, the deposited polysilicon can readily be o•idu.c>d, so 
that the nornrnl metalization can be routt•d over the poly,ihcon Since 
pulyslllcun has useful l'Onductlve pr<lp<!rtk'S, it can be u><d for dc\lc. 
intl'rcunnl'Clions Utld\lr tl'c metal to pro\'1dt! .tddJtional anterc-unni-c11un 
c.1pabllit1cs Pln.,lly, bcc<iusc of its hlgh·lempcroture tolerance. a gcttcnng 
pl,uspl'\Ort>us gl+:\SS 1Jycr <"a1' ht• "J1Pll.._,d ove..+r th"• f~4h! ;;.tructurt.>. 3' .. unng 
s tabilit y. while resulting In .1 luw thrcNhllld voltage with a ~lnglcdwk'<tnc 
g,,,~ i1'lsulnt<lr. 

The full cap.1biiity uf this innovation wa• recOl\nl7c>d only.., the •1hcun 
ll•\tc LSI s tory unfolded; ~II nctlvc Bdi System dc~1~n> In the wcund holr 
of the 1960s continu~d hJ r~ly 1111 the c,t,1~li~h"d Juol d1dt•<'. r1c MOS 
lt·cl\l\lllli~y. \Vl,icl\ <>ffcrcd '''' nccl'it..~ry cl,.tri1Ct!.'n0i:t1C'\ 

I iowcver. fl. F.lsgin ~nd T. Klein n1 F.11rch1ld devdOJ'•ld """"" !Pl• 
t~chnulogy in lhc 1.1ttcr hnlf of th~ 1960s," 011<1 ;nun thl'r<'Jfll'r. th" fuundci;. 
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early MOS IC was reported by S. R. Hofstein and F. P. Heiman at RCA,4o 
but exploitation was slower than it was for bipolar re s, partly because the 
devices themselves were newer and presented new design challenges, but 
primari ly because the available technology could not pro vide high yields 
of electrically stable devices. 

M. Yamin and F. L. Worthing found ionk conduction in Si0 2 layers a t 
temperatures as low as 150 degrees C .41 Their finding d emons trated that 
some ionized impurity was moving in Si02 under the influence of electric 
fields to fom1 a layer of fixed charge a t the Si-Si02 interface that m odifies 
the electrical properties of fie ld-effect devices uncontrollably. D . R. Kerr, 
). S. Logan, P. ). Burkhardt, and W. A. Pliskin42 of IBM demonstrated that 
this unidentified impurity could be gettered by phosphorus glass, building 
on the earlier work of A. Goetzberger and Shockley, who used phosphorus 
glass for gettering metal precipita tes from silicon to produ ce junctions of 
high breakdown voltage.43 Finally in 1965, E. Snow, A. S. Grove, B. E. 
Deal, and C. T. Sah of Fairchild identified the ions as alkali ions, mainly 
sodium ions.44 

Thus, the introduction of a phosphorus glass getter into the MOS process 
in the fom1 of a thin layer over the regular oxide offered an approach that 
provided the needed MOS stabili ty. 

6.2 Dual Dielectric MOS Integrated Circuits 

At Bell Laboratories, stable MOS transis tors were produced by extending 
the BLSJ technology to these structures. Although the direct BLSJ structure 
using SiN as the sealing insulator over Si02 did not produce stable MOS 
devices, stable unencapsulated devices were created by H. E. Nigh, J. 
Stach, and R. M. Jacobs, using a dual-dielectric s tructure with Ali03 in 
place of SiN under the gate electrode, with the entire device structure 
coated with silicone.45 The dual-dielectric structure gave these devices a 
low threshold voltage-approximately 1 V-which a!Jowed MOS devices 
to interface readily with TTL logic. This is not the case for the higher 
threshold voltage of single-dielectric metal gate MOS devices. 

In 1967, development effort began on dual-dielectric MOS I Cs for spe­
cific applications. The high functional density made possible with this 
technology was applied to the design of res for use in the 2ESS electronic 
switch peripheral decoder, a function that was being handled by bipolar 
SSI chips. This design, completed in 1969, replaced l l SSJ chips with a 
single chip containing 120 logic gates. It showed the potential for savings 
in system cost by integrating more functions on s ilicon with custom IC 
designs. It also demonstrated the compatibility of the low threshold voltage 
MOS technology with a bipolar device environmen t. 

Shortly thereafter, development was completed for a family of MOS 
devices for the subscriber loop multiplexer system. This applkation rep-
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resented the first use of LSI circuits in remote plant equipment. And soon 
thereafter, in 1972, designs for custom logic, rotary dial conversion, and 
memory chips for use in the TOUCH-A-MATIC• telephone were com­
pleted, making possible the introduction of LSI into subscriber equipment, 
and providing for the first time the required functions at a market­
able cost. 

In 1970 and 1971, the advent of a bipolar output stage on an MOS 
circuit and the depletion load, a current source-like load element, provided 
another major increase in the potential applications for MOS !Cs. The 
combination provided higher speed, simplification of power requirements, 
and improved compatibility with bipolar circuits. These circuits were first 
used in the TSPS to provide decoding storage and drive functions for 
operator's console light-emitting dfode (LED) displays, and other functions 
requiring compatibilHy with diode-transistor logic and TTL circuits. De­
pletion load designs were included in a 1974 LED driver used in the 
DIMENSION PBX and many other dual dielectric codes. 

6.3 Silicon Gate MOS ICs and Semiconductor Memories 

While exploring alternative MOS technologies, R. E. Kerwm, D . L. Klein, 
and J. C. Sarace in 1966 invented the seU-aligned silicon gate MOS structure, 
in which the gate electrode is formed by deposited polycrystalline sihcon.'° 
[Fig. 2-1 1 J ln this system, a low threshold is possible even with a single 
Si02 dielectric. Since the silicon gate withstands high-temperature pro­
cessing, it can be formed at an intermediate stage of device fabrication 
and can be used as a masking material to define source and dram regions. 
giving self-alignment of these regions and resultmg in more compact 
devices. Futhermore, the deposited polysiUcon can readily be ox.idized, so 
that the normal metalization can be routed over the polysilicon. Since 
polysilicon has useful conductive properties, it can be used for device 
interconnections under the metal to provide additional interconnection 
capabilities. Finally, because of its high-temperature tolerance. a gettering 
phosphorous glass layer can be applied over the gate structure, assuring 
stability, while resulting in a low threshold voltage w11h a single dielectnc 
gate insulator. 

The lull capability of this innovation was recognized only as the silicon 
gate LSI s tory unfolded; all active Bell System designs in the second half 
of the 1960s continued to rely on the established dual dielectric MOS 
technology, which offered all necessary characterishcs 

However, F. Faggin and T. Klein at Fairchild developed silicon gate 
technology in the lat ter half of the 1960s,47 and soon thereafter, the founder-. 

• Rcglslcrcd tmdcmnrk of AT&T Co. 
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f. ~ 11 tlM' vll •h~ ubron ~fl" lr.tl\l(lurt·. ""h1ch t•tfl"""r.t- reduttk1M 

urr.r-uird tu -.:n.u. •!.Jin rh.11 111 not ~U~cthttnnJ). '•nee· "tOUr<t' .ltld dr-illl'\ •rt" 

•utom .. ra.•ll\ 1bJ,l'M"d 10 lhr pl~\i\.llW.un Atlr furtht·rmorr, ptl\"lth<un UM be­
uv-J .i\ < mduc:1.t ,._ 11:"W1h1n.: tn h1~1-t 1ntt"rton111" th•n J,·n\1t\ 

of the lntt·l Col"f"Jr•tmn dt-,,agrwd tht: first c<1mmt:raallv ~uccessful I 024· 
~11 ( IKJ mmica;· in 1h4t tt'<hnolus;v In 1971 , th" m1:morv. the Intel 1103 . 
..,,,.~lbhed ...-rrucundu<1or memury as a ~nous cvmpentor for the then 
P«" admg m.ll;Jll'flC con ml"mory technology (Stt Chapter 5) and led lo 
an andu>tn · wadt· dt•\dupmcnt of wmaconductor m"morv, with the storagp 
updot\ pt:r chap "PPrt•>Jm•ttly doubhng l'ach yc.ir 

St-lure th'"" dt:•dopmt:nt~. for St.II Systl"m apphcations. it was re<:· 
ui;n111:<l an lht: mad l11h0Q that '>Cmaconductor JCs m the form of shift 
rt:gi''""' Jnd smJll r.1ndom access arrays would be faster and less CO'itly 
th•n mJ,:nt:uc m1:mur} dcvl(e<> of samalar perform.lnce 

Th~ hr.I Bdl Sv.km applacahon of a n:gular 't:m1conductor ml'mory 
"•• an tht· tam•· ~nd 'f'.l'"·davmon nl'twork of the -IESS switch This 
mt mvr\' 1nahJll1 •·•plvatt'd thl' dual diek'<'.lnc MOS technology Ill com· 
1'm•t111n wath than film an1t·rconnt:ct1on tl'<'hnology to provide high ~peed 
not '"•dal\ •••tl.ablt• m m•)!n<'i1c con' ll'<'hnolt1g)' The fir!>I UlStallabon of 
th" m<'rtll>r\' ,..., an th•· -II·'>'> ,watching .. quipm<•nt an the Chicago 7 offic<' 

Ill 1'175, .,,Imm i;.1w t1'(hnulog) w~b unpkml'ntl'Cl m manufoctun: by 
\\,.,,km Lil'l:ln1 I hl" ~ LSS •'lt·ctTonac >Watch memory was redesigned an to 
th•t kchnolo>l\ Jnd • .ti """ system dl"''llns "l't<' then based on ,,..ma 
u•nductm n1 .. m1•n IF•i; :?-l:?i (Smcl' th .... n thl' t .... •el of integration ha) 
conunut.J tu''"''"' •mt w,.,,1.,m Electnc-nu" AT&T T•'Chnol<>gi•'!.. Inc -
t>.-...am1• in 1'1!<3 th<' far.t U 5 cump.iny tu m•nubttUre :?SbK ml'mon • .,,) 

~·m1u•nJu<tor m .. mnn~ "'" gl'ncralh \'Olatale, 1n the'<~ that 1f th.­
I""' l'r -upph " tum.-J ,,If ur faal<, the anlonnallon IS lost. Kahng and 
'> 111 ._,.... 1ntnoduu-d th1· "'""·pt of anformataun >torag<' m a Ooatmi; g.u ... 
\1u r1t·J 1n tit\' 1n,ul.i1,.r Ill Jr t ht· 1n-,ul.it\.'Jr 'tt..'n\1ll•1\du"·t,)r tnt"-•rf ac~ .... C )lJ r'gl1 

pl.awd 11n tlw f111.1hn>: );JI\' an tht' 11x1dt' wall .,tay tht'rl' for many )'•'·"' 
U1ll1"'' d1·lal.WIJh·I\ l'IJ..._·J 1111\ ran b..· U>t-d tu t11ntrol lhl' thr<.,,holJ of 

I 
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Fig 2· 12 Phul<>' ul • 64-l>U (leh, 1969) .. nd • 4096-bit (n;;ht 197;) mem.ll'V arcu11 
at thL• ~mt.• !Oc.ile ln thl' !U)l Y<'•t'- bt•lwt.-t11 the two deirg.M. JuncbOO.IJ densit\ 1ncn-bf'd 
by more 1han ;,n ordt•r of m4:g.tutude. bc-CDuw of 1mprovf'mrna ln phvtoh1hugraphy. 
dev1ce fabnc.luon technology, ;and arout dl!Srgn 

an MOS device, so that the presence or absence of charge can be detected 
by interrogating the MOS device. The basic concept was used in a number 
of different ways both with i!!ld ,...;thout lhe floahng gate by workers from 
various companies. 

6.4 Complementary MOS !Cs 

While dynamic memories aie typically implemented in a Stngle-channel 
MOS technology, for static memories and for logic. complementary ~!OS 
(CMOS) technology further increased the scope of MOS applications by 
providing reduced power consumption over single·channel depletion load 
devices. In this structure, n- and p·channel devices. coupled together in 

a complementary configuration on the same clup. give a ,'ITTUa]!y ideal 
swi tch in which the individual transistors conduct current onlv during 
transitions.•• This technology keeps power dissipation to a minimum. and 
submicrowatt standby power bec1)mes possible Forming both ~'P"S of 
devices on the same chip called for more comp!e' processing. lsolatJng n­
from p-chunnd devices requires ii p·tub to be formed in the n-t•;pe substrate 
with careful control of the impurity concentrations, another natural ap· 
p lication fur the ion implantation technology. As the 1,.,-et of m1~rah1>n 

increai>ed, th~ low-power capability of CMOS gamed in 1mpo11ance The 
technology is parhcularly valuable for customer equipment where on!,· 
hne power is availablt•. 

A major applicahon of CMOS technology in the rrud· lq/Os was in the 
devl'lopm.,nt ,,f an 8-bH micropro«>ssor des1i:ned 10 meet ~II S\'stem 
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I-- ~ INCHES --1 
F1~ ' ll Phuto of .1 WE MOO mJCTOpn>crs.~r in 40·p1n p.lC~ilge_ Th• accompanying 
bT<.idbuud of 551 •ncl MSI 'lmui>1td OM-holl th• lunroon.>l rompl"'11y ol 1he WE 8000 
~ 

nt:<'<h llus de,,ct!, the 'NE' 8000 miaoprocessor, has about 7000 transistors 
and I!. comparablt' in !>0ph1shcation to a typical 1960-era central processor. 
It can .. ~ecute a repertoire o( over 400 instructions at a ra te o f 200.000 
pt'r '>l'Cond and depending on the complexity o( a given system, can w ork 
with a memory o( up to one ha!( million bits. The comple te micro processor 
fib in a 40-pin package shown in Fig. 2-13 alongside a breadboard o ( 
~Sl/MSI pad.agl!j, >et up tu simulate just half o( the function of the WE 
bOOO rrucruproc.-.sor 

6.5 Ch.ug~ouplod Dt•im 

A' not<'<! abo\t' in "''<lion Ill a complete!} new concept on information 
'tura~c •h• chargc·cuupl<od d•''ln! or CCD, was reported by W. S. Boyle 
and C E Smith in 1<170 ' \\'h1l• Jhe dt'v1ce 1s 1mplcmcnted in s ing le­
channel MO$ ll'<hnoloi;v. no tran51stor action 15 involved. Ins tead, in(or­
mJllon 1; >1onod al the 51 510, inJer(ace under >Urfocc electrod es. [Fig. 
~ 14) \\lwn the >urfon, electrode ha> a potential applll'd to it that can 
cJuw 1n\cr.tl'n. 1n' ~l"'t1on cJn l»ccur uni}• 1f rn1nonty C'dmers are availabll' 
Th,..,.,. CJn bt> 'upph<.J ~•th,•r b\ normal generatJOn processes. which typ 
ICdll) tal..- hundN<h of rrulh'><'<Ond.< or more di room tt>mperature, or by 
m1<'<Uvn fNm '"m' "~1 .. mal '<>urce, which c.in bt> made tu happen m 
"'·11 und"r • m1cr,,...'<ond Charge m1ect"'1 mlu on~ such layer can be 
ir•n'f"rr..d to ad1ac,·n1 d~v1Cc~ by O\'erlappmg th~ir fnnll1ng fields. Log1cal 

I 
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b and lb. reprc•wnt.>d by the presence or absence of minori ty carriers. 
can therefore ti... transferred from device to device, daisy chain fashion, 
at megabu rates The charge can be in1ected either electrically o r by il­
lummatJng the devtCe to accelerate the generation of minority carriers. The 
former case gwes a nigh-density serial memory device, the latter ,i n imag­
ing arra) 

CCC>:; han• many important applications. The first of these to be actively 
de,·eloped was m image sensmg. A PICTVREPHONE visual te lephone 
s<>T\1ce tmagmg de,ice was realized early in 1973, and in mid-1975 a 
charge-coupled image sensor was developed that provided b lack and white 
pictures m the standard 525-tine tetPvi<ion formal. Figure 2-1 S shows the 
1n,·entors demonstr~ting a TV camera using a CCO sensor. 

VU PHOTOUTHOCRAPHY, MASK MAKING, AND COMPUTER· AlDED 
DESIGN 

One ma1or aspect of technology fundamental to all forms of ICs, bu t 
touched on only bnelly so far, is that of photolithography and mask m a king. 
As pomted out above, the pioneering work in p hotolith ograp hy was by 
Andrus m the rrud-1950s.7 and his basic processes are still in use to d ay 
m all IC technolog1"" M•jor advances had come abou t, how,,ver, in all 
aspeas of device photolithography, including photoresists, wet chemistry, 
etdung processes, materials, exposure systems, and the generation of pa t­
terns (artwork) for masks, as well as in the fabrication of the masks them­
selves lrutially. a draftsperson prepared the pattern for a complete slice 
of silicon by hand, one drawing for each mask level n eeded . Since m any 
de\1Ce!. were made on a single slice, and smce they all used the same 
pattern, the ongmal process was soon replaced by one in whim the artwork 
for a smgle device or cell was prepared by the draftsperson, photographed , 
and stepped and repeated until a full array was completed. Th e step-an d­
rcpea1 process was first used in Bell Laboratories about 1960. As perfo r­
ma.nrP ~utrements mcreased and areas got smaller and tolerancQS tigh ter, 
the hand-drawn pallem was replaced by the cutting of a large. dim en­
$1onalk stable sheet of colored plastic called rubylith on a p recise m achjne 
called a coordinatograph This sheet was then photographed. red uced, 
and stepped and repeated to form the mask. 

Mask shops were set up at several Bell Laboratones locations, a major 
une betng established at Allentown in 1965. With the establishment o f 
these shops. the process of hand cutting rubylith was soon replaced by 
one usmg an automatic coordinatograph, controlled by computer, as the 
nt?t'd for the romplex masks of !Cs mcreased. Thjs machine reduced artwork 
generallon from about one week to about three hours for a typical re 
m><k te,~t of the d•y •nd rPdurPd Prror< by •bout a factor of 100. By 
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l '167, huwt>\ l'r, 11 ".- cll'•r 1hat 1he auromahc coord n••<·i:r•ph """Id nu• 
bt' able to handle the compl<•• lC mask.< or lh<' 1u1ur.· ;nJ, .. , • con .... 'qUm.e. 
dt.•\'l"lupment o( J "'-'' ... \y\tttm '"'as undt.~rta~;.ln Thl• hl'.lrt ,,,f th~ nt•\\ 
system was th<' pnmary p.1tkrn gent>rator (l'PG). whteh u......, a compukr 
con1rolled, rastcr·sct111n<•d. modulated laser be.im 10 "'I""'' an 8 · by 10· 
m ch photographir i:las' plall' The pattern, con'"tini; of l>·~m doh ma 
26,000·by-32,000 arr.ly, 1> formed in abou1 12 nunul.,., mdepend~nt of 
lhe complexity o( the p.lllern Tlus developmenl retnu\t'd maior bottlened.s 
In the mask·malr.Jng uptorahon PPG de\'elopmenl "as cam...d OUI In de­
portments under J W W,'St and K. M Poole a1 1ht \1urn1 Hill loalll>I\ 
o( Bell L.>boratonl..," 

A companio n developmenl, a step·and·rl'pt'al cant·ri u<ingau beanngs 
10 float the pho1ograph1c plate and to maintain prl'OSt IOCIJ.>. \\'lid<'~iopt'd 
al the Allentown location o( Bell Laboratont.., in a departmenl under 
F t Hnwl~nci " P >11•< produced by the PPG ""'~ phutur...duced l\\lCl' 
first to f orrn a I OX 1c1icll• and lhen m lhe ""P and·rep.:al cam~r• to ma~c 
the actual masks Lim1touoru. in the optical quahl\ ol nulabl< pholQ11TOph1C 
emulsions led to tilt> dl•\dupmenl by \I F~ldman ind I \\ \\est of th., 
laser reude genera'.Or (LRGJ ' 1 Tht' LRG prodU<,.J ret1Cln in a onr-step 
process by laser mich1mng uon o\lde films un aprrup~•e '1Jb\trai.-. 

A• good as 1h,-sl' sv>1em< w~r<.>. 1he e\"d·d<CrcJ'IRS hrw "·1d1h '"'!'"'...! 
for ICs soon approached 1he11 fine·hne capab1hl\ t-«iu.,.. ol tht' u,,.- <•I 
v1~1ble light to genecolc the masl..s Too1ercometh1>hm11•11on. an decrrvn 
beam exposure system (EBESJ. m1bally wnnn~ a1 0:, .,m aJ.;1,. ... .,.... "'' 
developed al Bell l.aborMones bl' D. R H~molt R I Culu<r. D !> . .\111 ... 
l I'/ Stafford, and othc" 81 1'175. EBES "as pha ... ·d m10 1h1 fa\:>nco11 .. n 
o( mask ma•tc,..; at Bell Laboralories 

The increasing quan111w, of masl..s. a<" .,u ., lh<.l•'<h'a.•in~ p.nn1--1bk 
nun1be1s and Stl'e"S uf dt:fnl..,, teJ to tilt' d~\t.l-..•J>mcnt vi .11n •uit..•rru.tJC 

mask mspechon sy•1.,m (A \115) lw J H Bruning \I f, l.:lrIW\. r ::- ;.m-..1 
E J... Si1ag. and R L Town,cnd" A\llS u......J • ~r ll\ln~ 'P''! -cann« 
to comp-are ad1ac~nt ch•fh on a mast.... and dctt,tt'd J1n,·r._n,r- ~:.,.._,_.,.. 

1h.,~e chips correspunJ1n1; to ddect s12"' do"n ''': ,.m 
A St'Cond a>pcCI o f ll'chnolll!;\' common 10 1h.- d<"•~n ,,, all IC•,, lh•• 

u!tc of c-omputcrs .1s ,1 dl'!tl~n aid tool l:.trl\ >f(,. (1•n .. 1 .. i1ni:, ,,f .J 1,.,, 
rc~1~tc>rS and tran~1"Jlt>rt un J ~1nglt> chtr. \\t'rt· rt·btt\t•I\ 4:.1'"\ ''-' dt· .. 1.:,n 

and fabn~ak C1rcu1t dt•"i;n of rntntmJI comrl•·\111 ""' \:>J-...J vn "mr!, 
modf.'ls fur !tingl~ trJn'a't''~ den\ c-d at Ekll I .dbrt-'J.l!'-'"'-" dunn~ rh,· t:.irf\ 

d~\·~ o( th ... · tran .... 1\tt>r Crt.l ('uch .t't the Eb..•f' ·\1t•ll rtJ'lt.~nt.itJt•n t. ''hit,· 
1.i,·out of the- ICi, ,,.1..., l.1r~t•I\ nunu..11. ;i, 1nd1,-itt.J .,,bl,\r- "'•11r,• I '-.I t.1rt.u:1t 

ch1P' of lh" m1J l <170, jJr~JJ\ <on'"''.J vi I ti 11{1(1 or ""'"' '"'" (unA<'<'!rd 
dl.·\'tCt .. .,, the dt.~rti;n ''' 'ut·ll l1r~u1t ... '"''uld h.s\t.· r..-rn '1mrr.Jt.ttL..1l , .. 11ht.-u1 
.ln \:''tcn'-.1\•.: ~\·~tt'n' ttt mJth1n1.· .i1J ... Su,:h .. \,1,.,,., .. ,.,,Jl\t-J JI tkil 1 .. t11 

(Jr .. 1tt>n~ 1n a t1r1lt.'IV mu11nt•r ,c, that frc.~m tht· ,·Jrf, J,.\,. 111 IC Jc. .... ,~,, 
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n•mput""' W•n.> us..>d "'1,•n.,l\eh· ll\ circuit anal)'SC. (bolh hnear and dig1tal), 
k')";Jc simulahon, artwor~ and electncal tesl program generahon, electrical 
tnnng, and 1<-sl data analy~1s 

Al1hough largl' mainframe compulers were u~l'Cl 101hally to perform 
these tLLnmons, ~tand·aloncsystems, which were based on minicomputers 
and~ mleraCb\',. graptucal capability. were soon devel oped under 
th.- leaderslup ol D ~•It m the earlv 1970s '• '' The.e systems were aug­
m~n1ed b\· sottware that enabled most ol the requ1r~>d design functions 
h.1 be penormed " 
~ the comple:ut' And the performance ol the rucu1ts mcrea..<ed, sig· 

ruficant 1mpro'=•nb m de,1re models were required A major break· 
through Woli made b1 H ~ Cummel with 1he development of an effioent 
approach to one-dimen;1onal compuler modehni; of 1rans1s1ors" and, 
1•.nnth \\1lh H C Poon, •"11h the development o( compac1 1ransistor models 
u>dble m IC analv.c..'',.1 

Other programs relanng 10 complex circu11 analysis and design were 
de\'elop;>d m vanous S..11 laboralories orgamzalions, loo many 10 be noled 
here Outside commcroal and educabonal organizations also contnbuted 
1n this area 

f.,r the uaru.nuttal ul graphic design information belween differenl 
urgaruzanon>. a uru' etYI graphic computer language, XYMASK, was de­
' dop<:d b\ S Parde.- ~nd B R Fowler for descnbmg IC or pnnted winng 
l><>ard anwurk and maok mlormabon . ., 

Computer-a1d.>d design plays an maeasmgly unpor1an1 role in lhe de­
velopmenl of SICs Appropnalely enough, compu1cn. are becoming smaller 
and more powerful because or Improved SICs. Therefore they will be slill 
mort' u><'ful, mdtt'Cl <'>><'nllJI, m copmg w1th the growing complexity of 
future SIC design> 

\Ill CONClUSJON 

In the. chap1t·r "" ha- c a11empted to teU the s1ory of technology de­
' d•'rm .. m, de11w ~trut'tllrf mnovanon, and apphra11ons, intcrtwi.ning them 
tr..quentl~. b«au>c 1h1• way that devt'lopmeni. aclually came about was 
lhruugh contmuou> mlcractmn l>elween technology developer. device dc­
"gner. dnd >plem> u>cr rhe story is, of courS'-', a con1lnu1ng one. Even 
at the um<" of pubhc.rnon ol this book, 1t was sull nowhere near its con­
clu"vn It L> clear thal SIC> hJ•e made and are conhnumg lo make a 
mJI''' impact on telt'(ommun1ca11ons By 1975, 1wo \'\'eslt'm Electnc lo­
c.iuvn> """' alr...ad' prudunng SICs of O\'er 400 d<~•gm. u'><'d acros> the 
tto...rd m :t\'-lt,·h1n~ trJn~m1,,1on. and ru.stomt"r t-qu1pml~nt. an appl1cat1on~ 
rJni;mg from tdeph<>n~ "'"tu 4ESS sw11clung •'qu1pmen1 Subsequt>nll)' 
the 1.,1.11 numb.-r of apph,ahon> continul'd IO grow •I a rapid rate. Man)' 
m·" .:vmmun1~·~111m :wn1c'" t>..~anw p1>ssible for th~ cu~lumer, and till' 

• 
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impact o n telecommumcauons and socwty in g<'lll'f•I "'""'profound mdt't'd 
As this narrati ve mal«'l> dea r, advanc~ in SIC• do n<>t t>CC\lf through 
radical departures from current technology but r•th~r thruugh bwldmg 
on th~ e xishng base, mu ch of which, as thl!> chapter ha> dl..cnb..-d, was 
developed at Bell L.;1boratones. 
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Chapter 3 

Electron Tubes 

Early fundame11tal work 011 l1igl1-vacuu111 tubes, whicli tra11sfor111ed the elec­
tro11 tube into a practical device, soo11 led to increased depende11ce on tubes 
rn telecommu11icatio11s systems a11d to great e111pl1asis on higher freq ue11cies. 
greater ba11dwidtl1s, a11d enhanced reliability. In addition to extensive use in 
c11rrier transmission systems, another major 11se of t11bes was ;,, co11tro/ling 
the ringing voltage of multiparty telepl1ones. During World War 11, Bell Lab­
oratories a11d Westem Electric tube development a11d ma11ufacture provided 
major support to tire military effort. Early tubes for radar preamplifiers and 
amplifiers were designed by Bell Laboratories engineers. Reflex and magnetro11 
oscillators also provided the key technology for radar systems. Significant mag­
netron adva11ces included tunable frequencies and size and weight reductions. 
In the postwar period, much attention was paid to a better u11derslanding of 
the physics of cathode structures, culminati11g ill the coated powder cathode. 
Klystron, microwave triode, and traveling wave tube (fW1) perfonnance was 
enhanced in this period, and the Te/star project capitalized on TWT advantages 
i11 one of the most dramatic commu11ications experime11ts of the 1960s. Vastly 
increased reliability was achieved in electron t11bes for s11bmari11e cable systems; 
the first long undersea cable system operated for 22 years under the Atlantic 
Ocean without a tube-related failure. Among tire last electron tubes developed 
by Bell Laboratories were a camera tube used in the experi111e11tal PICTURE­
PHONE• visual telephone service and memory tubes used i11 major experime11ts 
in electronic telephone switching. 

I. EARLY WORK ON ELECTRON TUBES 

As was briefly discussed in Chapter 4, section 4.2.2 of another volume 
of this series subtitled The Early Years (1875-1925), the application of the 
vacuum tube to telephony began with H. D. Arnold's recognition of the 
enormous potential of the crude three-electrode tube (triode) demonstrated 

l' nnapal authors: V Rut11:r. L Yun Ohbcn, .rnJ W V.1n Hoste 

• Reg~tered service mark o( AT&T 
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to the lk>U S\'Stem b\' l De Forest on November I, 1912, and with the 
sobs.oquen1 d<'t.is1on to purchase patl!'nt nghts for the Bell System Less 
than three years later. a greatly improved tnode \\'as the active device in 
ampluiers ~trung at intervals across the country. which inaugurated trans­
CC)nttnental tt>lephon~ in January 1915 Arnold contributed greatly to this 
"'markable progress tn vacuum rube performance by !us leadership m 
three ma1or types of studtes: vacuum technology. cathode emission, and 
rucwt properties 

Vacuum tulmology. Arnold showed that the erratic behavior of De For­
esf ~ 1912 tnode was caused by poor vacuum; usmg better exhaust tech­
niques, he 1D1proved conditions inside the tube envelope, with the result 
that tnodes of a given design behaved much more reproducibly and reliably. 
\l\'lth these tubes. practical repeaters could be designed. good enough to 
make possible transcontinental telephony. 

IO:ndrJ cathodt tmissron Arnold studied the effect, observed by A. Weh­
nelt in Germany, that coahng the cathode metal with alkaline earth oxides 
greatlv increased electron em1SS1on an.d, with his associates, developed the 
combined filament using Wehnelt's discovery. This filament employed a 
core composed of 90· to 95-percent platinum into which 5 or 1 O percent 
of another metal, usually ind.turn, nickel. and/or cobalt, was alloyed. The 
aU..alm~ eanh oxides were chemically combined with this core by heating 
to mcandesc<nce in air dunng the coating process. The resulting filament 
wai.. for about 12 to 15 years. the most efficient. reproduoble, and rugged 
elc..:tron emitter known From about 1926 to 1937. the combined filament 
"'"' largelv replaced in the Bell System by the uncombined type, in which 
the alk.llme earth carbonates were applied to a base or nearly pure nickel, 
the carbonat"' being convened to OXJdes at an appropriate portion of the 
exhaust process. This change proVJded an uncombined coating on uni­
potennal cathodes with ruckel bases, which was less expensive than a 
combined co.itmg on platmum With improvements made in obtaining 
good vacuum. the more ~itive uncombined coabng could be used in a 
w1d~ \.tnetv of de\'ICt'S. (For a further discussion of cathode improvement, 
!><'t' •l'Ctlon 4 1 ) 

C11cu11 propa11es The behavior or the triode as a circuit element was 
ad' anced ,great!\• by Amold and his Bell System colleagues. This advance 
w.ls bJ~ on a better understanding of the internal electtode geometry 
of the tnode a~ well as of the interaction of the tnode with the remainder 
of the run.111 m which it was used 

By 192b. 15 codes t>f pre-1925 tubes were in manufacture at the Bell 
Laboratones tube shop at 395 HudS-On Street m New York Gty. These 
included water-cooled power tubes for broadcasting. a small .. peanut .. 
tu~ for °"'e'"'"S (the 215A), small power rubes for public address am­
plifier>, and tubes for telephone repeater use. Of these last types. which 
"*'r~ used 1n Lugt- number>, the 1010 was most outstanding. Figure 3-1 

I 

l 
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Iii; J 1 fh• 1010 !ugh <o.uum 1n•1d< Bv IY2o 
\•oh .. •n th\• tub..1 hJd bt>\•n in U\C! fur I? 'l'.&l"l. ii 

'"'"'' th~ m'"'' reh.ihl\" .a"IJ h1n;.; h\t'd tulv ""l'' 
J'rodu~,..J It ~.l) ulot"J U" trlt>rhvnt' l'Ypt'Jtt-n 

us 

show& •IS i.tructurc 1t w,1s .1high-vJcuum1node using J cumb1n<>d f11Jm••111 
consumonr, 4.5 w,1tts (W). By 1926, it hJd been In use for 12 y1•ari. .ind 
was at th,ll time the mu;,t rcliablt'and lons·hved tube produced an1•whcre 
It w.ls Mnr,h;d out fur 'P<'etJI comm~nt an a 1921> 81'11 La~~ratonrs Rt<t•rJ 
article by M I Kdly, who was later to bet"ome prt~odcnt ol BeU l...ibu· 
r.iton~~. • After 1925. tl\l~ 101 D rt>f't'tvt'<f mitny 1mpro\'t-mcnt.s an bo1h ''' 
mech,1n1cal and filament dl.'signs One dc'>ogn lowcrt'd 1hc filamenl rurr<•n1 
lo I ,1mpcrc (A)- a onc· thlrd rl'ductlon from thl' ~Jrhcr 1011). The tube 
wa~ ch.u.1ctt•ri1.t•d by an .1mplllic,1tlon foctor ol 6, a rt.II<' '"""tanw uf 
5700 ohm,, .ind ,, pl.lit• uirrent o( 7 m1ll1amper<"> (mA) 
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The penod from 1925 to 1930saw many accomplishments in the vacuum 
tub<> laboratory S1multaneouslv. radio ("wireless") systems were being 
studied both at long and shon wavelengths. Commercial broadcasting was 
e>.panding All these required transmitting oscillators and amplifiers, and 
the Bell Laboratories group was a leader in developing these devices, m 
addinon 10 developing repeater tubes for the telephone plant. It was m 
tlus penod that many advanced techruques were established. Included 
'"ere d~gn and construcb.on of lugh-varuum exhau.•t ")'•!Pm<. the do11ble­
ended construction techniques used for transmitting de,~ces to limit surface 
leal..age and to pro'ide low-impedance electrode leads, and vastly increased 
under.;ianding of the factors that affect operation lifmmes. By the end of 
1930. rube hves up to 20,000 hours were being obtained with some types. 
and o,·er a quarter-m1U.on rubes of all types were in operation in Bell 
S\.,,tem orcwts -' 

U. TELEPHONY ANO BROADCASTING IN TH£ 1930'5 

In May 1931, theSupreme Courtdeoded that the idea of a ltigll-vacuum 
tube. as compared with a vacuum tube, was not patentable.• Thus ended 
a 16-year controversy between Genera.I Electric and Bell Laboratories on 
thepnonry of conception of the nigh-vacuum tube, leavi.ng Bell Laboratories 
des1gnim Wlth an open field for applicabon of the tube technology. Work 
on a Luge vanety of tubes was in progress. and the variety continued to 
expand dunng the next decade 

2.1 Hig)t·Pow<r Broada st Tubes 

Dunng this penod, much attennon was paid to high-frequency apph­
cahon> for radio-telephone orcwts and to commercial AM broadcasting. 
and m both of these areas. power tubes were developed . Further, a con­
\1d .. rable amount of work 1n nlrCrilft, pohce, and manne radio was in 
pn.igr.:ss. and th•'M? an>as also would bt-ne6t from transrruthng-tube de­
' dnpm•'l1t. ~peoally the devdopment of smaller, radiabon-cooled deVlces 
"•tcr cook-d tubes conbnued to ~ ne..-ded for !ugh-power broadcasbng 
ilnd transoceanic service F111urc 3-2 shows one of these devices. 

The ~65A a 100 kilowatt (l-W) tube developed m the earl\• 1930s, is 
rcpr~ntallvt' of the h1gh·power dev1cf.>S of the broadcast class For the 
tncrt'a,ingl\' net.'<11.'d 101•·· and medium-power transmitter, which served 
th~ broadca>t needs of smallercommumhes and was used for base station 
aircraft and police transnullers. a s1gruficant advance was thtt 1932 de­
vclupml'nt or thrc>e radiation·cooled tubes. whose pnnopal advantage was 
<'Conom1· in circwt dt!li1gn. These tubes were the 270A (500 W). 251 A 
(1500 W). and 279A (2000 \'\') B<.-cause the power dissipated an the tube 
must ht- l0>t b1• radiauon. the anode;; of thl!Se tubt'!. used molybdi.'num, 
w hach ran co~unuously at "cherry r.>d" tcmp,•r.itur<'> Al!>O, fins and 
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Fig 3·2 The 240A •va1er·a xMd power 1ubt S.fore th< dovelopmfl1t of radt1oon-wol<d 
iubt.>-5, tht~ f)'~ wa~ used 1n high ·power broad"1$hng and transocun1-c ief\1tf! 

roughenE.'d surfaces increased the heat radiation Mol)·bdenum grids (carlxm 
coated to reduce gnd electron emission), thoriated tungsten filameni., and 
hard or Nonex• · type glass all aided in providing dependJb1bty at high 
operating temperatures.' The technical matunty of these de"ices was con· 
firmed by the fact that all of these important lealures were still found 1n 
medium-power transmitting tubes manufactured O\'er SO yea~ later 

In the mid-1930s, Bell Laboratories undertook del'elopmeni ol a ne" 
line of high-power transmitters at the Whippany, :--.ew Je~y faaluy Th.­
design was based on lhe Doherty linear amphlier. designed b\• \\' H 
Dohertv. For a description of the amplifier and a discussion of its effect 
on broadcast transmitter design, see The Early Year; (J875-192SJ, p 448 

One of the new tubes, the 298A, a 100-k\\' double-ended lube. "a~ 
made available in the mid· 1930s. This waler-coolt.'d lube had a ma'\Ullum 
plate dissipation of 100,000 lV and a maximum plate \•ollage of 20.000 
volts (V). The anode was made of copper with an integral copper "'ater 
jacket. The upper frequency limit of the tube was 20 megahertz (~!Hz ) 
However. when operating under ma,imum power rattngs. the tub.: "'"' 
limited to 4 Ml-lz, since radio-frequency (RF) po\\ er dlSSipation at high"r 
frequencies exceeded the capability of the lube. 

A ne'" 50-kW transmitter used two of the ~98A tubes. Two transmitters 
were made by Northern Electnc from the Western Electn~ d,><,1gn and 
placed in service in Canada in the "~nter of 1937-8. The lif't \\'('!.t"m 
Electric tra nsmitter was installed in carl1• 1938 in Louis"1lle. Keniuck\ with 
the cal l letters WHAS.tJ There ''';.i;; also. an int~re-st in ••supcr po\V~r· 50() 
\..W transmitters. which continued for the balance of the 1930> with 1h~ 
design of a 500-k\AJ Doherty-type amplifier at the \\'h1ppam· L.aboraton· 

Also in the latter half of the 1930s. the Bell Laboratones tube laborat<'r\ 
in New York City was working on a new double-ended water-cooled rube. 
Thjs tube, later coded 320A, hnd a peak power capaal'' of 250 k\\', the 
most powerful sealed-off vacuum tube ever made to that time. [Fig 3·3] 
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11.,: 1 l n,,, 120A '.•ruum 
1uPt· " J1.•u"l1 r11J1•d ",1tt•t 
11111l1·J dc•\ol~•· II V•.t!~ th•• 6nt 
1uh4· '" u .. , 11'1\'l'lt.J l)l•ann~ .. 
111 ~u1d1··. l'·M·d Jn 1h1· fq:lU"' 
f1 11 tu~h po"· ,.r ~r1>,,d, ''"tint:. 
th1 111h•• ..., .-.. ,_,, lon111·r 111 J1• 
111.-nll -illt'I IJ11· f·l l Jt•\iJ1·J 
h1 l1tn1i l\10.hi ,l .. t J'U'' ,,, In 
1h1 l nlh·d "\l,111· h• "0 ~ \\ 

·1 h1 "" .111J I"""'' 111 tl\l' 320A pr••wnwd man~· pro<:<''>~rng Jnd •·n-
1\lll•Tnn>: pro\\11•nh Wlh'n tlw IUlll' \\'ob 111 Opl•r,J11t1n, tht' fil1lm1•11t !>lranJ 
111<T•·J ... ·J '" kni;lh b1 h.rlf •"' rnch nw tub.- d~rgn hud to include " 
h'll""'"">l d1•vr1c IO pcnmt 1:\p.111.,,on ,md ill chi; 6.lnw lime keep chc 
filJ1111•n1 from 'J~rni; vr bowin);. All.icht•d to one end of the filament 
'tr•nJ' "'''~ pull'l1<oJ tUllK''"" rnd• muunt"d 111 ~y111hc11c '"PPh•r•· 11u1dc> 
lhr d1,1i;t1 1•h111111.11"d ti\\' pr.ililcm' 11f ~t·11ur1 • thJt rt•>ult,•J wlwn 111c1.1l 
•;,t1rt\ .\,, ,,,l,l\'l'<.f1•r1uu1 '''J' Ull;.\.J to ~ukl1.• tl1t• fil.1n1t.•1't "'upport f(.)d!-. dunn>l 

___ ... , 
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the expansion cycle' The grid of the tube was fastened at one end and 
was alluwed to expand in jeweled guides to accommodate changes i:I 
dimension produced by its 2000-W dissipallon This was the first use cf 
1ew,•led bearings o r guides in a vacuum tube. 

The 320A w,1• a highly successful tube. Eight were installed ((or a peak 
power uf 2000 kW) in a 500-kW transmitter built in Mexico by Continental 
Electronics. an independent firm licensed by Western Ell>clnc to use the 
Doherty circuit. This • talion, XERA, operated for ocvcral yean. with no 
tube failures. The market fur the 320A disappeared, however, when the 
Federal Communications Commission decided to limit broadcast puw~r 
in the United States to 50 kW 

Shortly after World War II, WeMern Electric stopped manufacture of 
broadcast transmitters. The: Western Electnc tube division negotiated an 
agreement to transfer manufacture of their transmitting tubes to Machlett 
Lab<1ratories 1n Connecticut. Thus, the needs of both the Bell Svstem rad;,,_ 
tdcphone sy•tcms and commercia l broadcasters were sati!.fied Technical 
uss1s1ance from both Bdl L,iboratones and \<Vestem Electric \\'as ~upphed 
to Machlett during manufacturing start-up. 

2.2 The Trend to Higher Frequencies 

In th11 receiving and telephone repeater areas, the concept of a screen 
gnd, mserted between the control grid and anode. was well known b)' 
1927 as a means of reducing interelectrode capaC'1lance and thus increusmg 
,1mplification at higher carrier frequencies. This tetrode concept and the 
pcntode, with a third grid between scre••n gnd and plate lo suppress plate 
secondary e lectrons, were emphasized m the early 1930s. The chmJ\ <>f 
this work w,is the development, by the end of 1937, of the 31llA anJ 
3111\ amplifil.'r tubes for C'arrier trunsmi,~ion syst\'ms .ind two nimpamvri 
typl>s. 328A .llld 329 A, <k~ignl.'d for a different lwater \Ohage to b,; uwJ 
with ball,l't l.1mp current r••gulation 7 [Fill'· 3·~(a) .1nd ) -4(b)J 1 lwse pt•ntnJ,• 
device!> incorpori\10;.'d cunrept~ th.ti were to be •'PPh~d m sm,ill tub(·, Wl'il 
into the L•r,1 uf snlid >late: c<1mpoten11,1I cathodes \\'llh which JI\ Jc hl'.ikr 
cou ld be usl•d, s lotted m1c,1 i1isul.ttu..,. to rl•duce de J,•J~,1i;e,, do''' d.-.trvd" 
spadnr;s .• ind shit!ldini; to rl'\lure m.i!\ndk p11;l.up (hum) fr11m tlw lw.11,·1 
The ~xtl'nt of prugr.-ss m.iv b<• .1ppr~l'1,1kd ,,,. ''""P·u"un uf tlw 3 IOA 
pcntod" with !ht• I 02F fil,1nwnt,1ry trt11lle, wh1di "'•'' .it th,• ltllll' till' 
prim.try voice frequl'l1C)' .1mplifil'r In U'l' {5el' ri. .. £11r/y )('di~ 1111 i5 1~~51. 
pp. i\44 -8•1'i .) l lw 3 IOA ddivl.'rcd a volt.1>;e f;·"" o( 44 dll. wh,•n•.i' tlw 
102F dl•livcr,•d 26 dB garn, ustnf; ' imil.ir plat'' 1•ult,lf;l' but 11,,1t>il• 11nh• ,11 
n1u~.'l1 lt>\\'l'r (rCl)llC1,cit·~ fl\l.~ rt.•ttlilrt•tl p\t\\1(•r 1.ttiv"-· llll lllt' '.'\1()1\ ~r1\I ''•''" 
I"" th.in Olll' third th,it uf th<' 1021' 

I lur1n1; th\' <'•Ir!\• 11) 'll,, ·'l'Pr,•11,111011 of 1lw bw.1dt>,1nd ,i1h'omt.t):\'' 1•' 
10111m11111 .. t1111n .tt VJ II' (vc1v lugh ll'l'<)tll'll"t"' ,1b111,• JO Ml!1) J''"""t'"' 
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Mg_ 34 Ampbfier rubes Im =ntt ~ S)"len\S. 

l•l Tht l IOA P<nludc off•red • g;otn of H dB with less 
tl'w1 uni:•ltu:rd thl" reqwn"d dn"-e of ab~. ,._:h1ch 
11"'< univ 26 dB ol i;.>in (b'. Th• 311 A pcnrode ampWi<'1 
1ubc- 8o1h dt..,tgn:!I obcr~ equrpott".ntwl <'.llhodes~ slotted 
m.1c4 1n. .. ulatQf5 close elemude spoaong. ._nd stueldang 
lrum tht hNk'r 

a n"'' 'llmulu' lo\\ard the understandmg and practice of the tube art 
Tub...,, produced pnor to 1h1s time would no1 give usable results at VHF 
~aus~. (I 11h" cathode·to·plate transit bme (the rune for an electron to 
tra\ el acros> the cathode-plate distance) was an appreaable part of the 
f'<'Ood tor VHF and (2) the shunting effects of tube mterelectrode capac­
itance and d&tnbuted inductance could ehm1nate amphficahon at VHF 
Th" trans1t·t1me problem m conventmnal tube structures can be reduced 
b' decrl'asmg the mechanical d1m•ns1ons and usmg higher ellK!Todl' volt­
aet>S The .econd problem rt>qutred formulabon or an electncal model 
(<'qul\·a lenr orcull) of a tube As shown m Fig 3-5. for a tnode tube, 
r..-..1.>t.ln<e capaatance. and inductances ar~ present both for each electrode 
and bd" l.'<'n elt'Ctrodt'S. Addtltonally, capaatances e>ci!>t r rom each electrode 
tu the outside ,,urfd As lrequency of operation IS uicreased. the deleteriuus 
eHl'Cl uf all these is mcreas..>d. At a 5uffic1entlv high frequency. the input 
capaalt' e reactance uf the gnd dl>creases w that the input signal nows 
through tht> reactance and gain disappears Reducllon of the seril>s resIS­
tanc.- and inductance in .:ach lead calls for large leads of short length An 

-
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important contribution to understanding these effect~ in h1gh·frequenC\ 
gnd-controlled tube~ ''"" made by F B Llewellyn and L C Pett'rwn 

One of the first VHF tubes was the 304A, which could be u~d IQ 
amplify or oscillate at frequencies up to 350 MHz• IF1g 3 6J :'\ote that 
the general construction of this tube did not depart rad1call\' frvm 11~ 

contemporaries except that gnd and plate leads "ert' hca\\ and 'hurt 
and both were brought out through the top of the en,·elvpt> The inkr· 
electTode capacitances wNe not much lower than those of conteml'<'rar\ 
tubes, but the series lead inductances were; this was the key to the tube' 
performance at frequ,;ncll'S nearly double the capab1hnes of other.. 

The nl.'~t s tep 1n ra1~ing frequency occurred with ehminahon of the tur..­
base. a 'earch for way;, to obtain wider ~pacmgs amoni; the lead '' ""' 
and rearrangement of thl' control gnd into straight ""'"' Such a tub.:. 
shown in hg 3·7(a). an exp<>rimental dc"icc only. cuulJ r•· ••p..ral<'<l 1 .. 
740 M l It Another tube, with furU1er refinement. would dl'h\er pll\\<·r Jl 
1200 Ml It \Vilh the;," 'ame techn1qul.'>, a duublt'·pt>ntode ncgallH' ~m.1 
amplifier was de\'ised to dl.'hver gam up to 300 MllL 1 lf•i; 3 7(bl) Th""· 
and s1m1lar tubes wen.• hdpful in ba.,1r worl. ''uh m1cruwaH.,, that P'"' cJ 
vital during V\lorld ~Var 11 

Th" gruw1h of •ounJ motion p1ctur.:>s required high ·gain. '"" ·nlnw 
amplifier• Bell Laboratoric' ..-fforts ill 1h" Mea r~u ltt.'d in under;tandmi; 
the cau~c5 uf audio frcqu<'n<)' hum ilri,ing from th•• healer electn< fidJ 
from the hl.'.1tcr magnt.'tl( fil'ld. and fr<>m lh<' heat,•r h• uuiput runi11 t>.· 
ca us~ o( 11lt\-"r"~1\!'clrodc .:.1pacitanct!' llr J,rl'..:t leakag.: ~' t•r..11 tu~ ... u('h 
as 1lw 2i;qo to 262A. maJ,. quiet amphfi.:>r- 1ha1 grealh bvnefited 1ln· 
mot1<1n picture 1ndu•try Th,•s.- lube' al"' >l'r\'..-d to dv\'.:>lup ml'thod• and 
technique> that w..,r,• 1.ill•r useful 111 th1• 3 10t\ and 311 1\ for tel,,.phvn,• 
repe..ltcr-, 
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FIS. 3-6. 1110 304A vacuum lube. designed for frequencies 
up to 350 Ml It Much lower s~ries lead inductat1Ct'S were the 
key to doubling the frequency capabilities of this device over 
th°" of its predeCl'SSOTS 

2.3 Cathodr Ray Tubts 

Other classes of tubes during this period included cathode ray tubes, 
phototubes. and gas tubt>s. In 1922, J.B. Johnson introduced a gas-focused. 
300-V cathode ray tube for laboratory use. This tube was later extensively 
redesigned for production, coded series 224, with three different fluorescent 
scre11ns, but from a modem perspective, performance was limited and 
service life was short. 11 

The next developments wer11 an electron gun with electrostatic focusing 
(tubes coded 325 and 326)" and a tube coded 330 wi th three electron 
guns.13 which simultaneously displayed three signal traces on the screen. 
nw 326 and 330 tubl!s, shown in Fig. 3·8, were superior in performance 
and reliability to other& ~vailable at that time, and they found a ready 
market. 

_, 
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An interesbng pro1ect of the time was a speoal cathode ray tube. needed 
for bngation reasons. that was designed to display transient voltages on 
telephone Imes induced from large power surges on railroad power lines. 
For 3 photographlC d1,play both a finely focust.>d spot on the screen and 
roughly a tt.>nfold mcrN* m electron curnmt was achte\•ed with a con· 
d .. nsmg lens ba!K'd on a frustum of a cone that allowt.>d the use of electrons 
irom 1he enbre actJ\ e area of the cathode ' 

In th .. aud-19201>. C j Oa\'1sson analyzed the focusing of electTons tn 

fields set up an and around the apertured electrodl'S then in use 111 electron 
guns Later "'ht.>n the tele,'ision development people were prepanng for 
n 1 transauss1on t!~penments between New York City and Washington, 
D C (see Tht Early Ytar:> 11875-1925), Chapter 7, sechon 9 .8), Davisson 
was asked to dt!S1gn and ha\ e built a h1gh·qualtt\' picture-receiving tube 
The resulting tube was extremely long to a\'01d d1s1omng the ras ter, and 
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11 operated in a h1gh·voltage, low-current mode (Fig 3-9) Se\eral such 
tubes were built and performed excellently ma numbt'r of demonstrations 

Another special cathode ray tube was configured m such a way that 
the electron beam struck the side walls instead of a screen at the end of 
the tube. By analyzing speech according to energy at various frequenae!> 
compared to time, by traong these quantities on the phosphorescent side 
walls, and by rotating the tube around its long alUS, researchers were able 
to display "visible speech" spectrogram mforrnabon conllnuously instead 
of as a series o( still pictures " 

2.4 Phototubes 

Efforts in the phototube area began in the early to m1d-1920s with the 
need to detect light transmitted through the sound tracks of motion picture 
film Initial rubes, the I A and 2A, using potassium hydride as the pho· 
tosensitive material, met with indifferent success Developments based on 

Ft~ '\ C) (.. . J Calbtcl \\'1th 1h1.~ ph, turir tuhr­
~i\"•l~n"•d fur tele\'tS.ton dl•mon,u.iu~·n.~ b\' 
C I I),,, 1~n The tubt< ,,_.., l~\ln'nl\'h J,1n~ 

h.' ,\\end r.i.,t1.•r dis.tor1u1n 
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cesium OlOde/sil\'er soon led to the superior 3A phototube, produced at 
the Bell Laboratones Hudson Street tube shop in New York City.•• 1' Other 
\"ers1ons. the SA and 6A, were developed for burglar alarms and for mon 
1tonng the recording o( sound on film 

llu.s background m phototube work led to a forerunner of the T\ 
camera tube In the early Bell Laboratories experiments, the subject was 
11lummated by a rapidly moving, scanning spot of light. In the camera 
this illuminated raster was recorded on a large flat rectangular cathode 
Photomulhplier tubes. some with as many as nine or ten s tages, '~·ere al.so 
de,eloped. and a special tube for e"tremely low light levels was built for 
astronomical observabons 

Earlv m \\'orld \\'ar JI, the Bntish asked for a special, highly secret 
phototube, which was designed by Bell Laboratories and manufactured 
by \\'estl'm Electnc, RCA, and others.•• Later, it was learned that thJS tube 
was put m the nose of a surface-to-air projectile. When such a proJectill' 
ptl!>Sed mto the shadow of an aircraft's ·wing. the change in light level 
tnggered a orcuit that detonated an explosive charge. Postwar report5 
1ndtcated that this pro1ectile was so effective that it sharply reduced the 
number of German daylight bombing raids. 

25 Cu Tubes 

Hot-cathode gas tubes were used throughout industrial electronics as 
chode n'Ctlfien. m unregulated reehfiers. or with a control electrode, as 
thvratrons m regulated recbfiers For vanous applications in the Bell System, 
!>t'veral thyratrons were developed. mdudmg a unique all-metal design 
u~mg mercury vapor For high-power uses, this tube used a radiator for 
control of \apor pressure that provided a long life. 

The cold-cathode ga~ tube wa~ another type of electron tube that was 
given a ttenllon at Bell Labor.itone:. and that found many uses in telephony. 
wme J~admg the way to later dl'v1ce u:.es But the cold-cathode tube used 
.i glow dtscharge for conducbon of current rather than the low-voltage 
d1:.charge supplied by J thermionic cJthodl', so it could carry tens of mil · 
hJmpt'rt!S rather than the amperes of a thyratron. The forms familiar to 
industry m the 1930s were: (I) the common voltage regulator. a two­
l'lectrode device tha1 u!>l.'d the spread of lhl' glow discharge to provide a 
rl.'1;,'Ulated voltage o\'er ol current range, and (2) another two-electrodl' tubl' 
d~1gnL-d for the discharge 10 provide a v15ual signal as an indicato r lamp 

In thl' early 1930,.. Bell Laboraton~ added a control electrode A fairly 
\\ell controlled \'Oltage on thlli electrode of ii bout 70 V tnggered the dlS­
charge between the mam anode and cathode. The tube then became a 
two-Mate S\\,tch tnggered by an 1>0lated signal; it was used widely b) 
!kll l..lboratones m Bell System switching and relay circuits Hold1n~ off 
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voltages were on the order of 150 to 300 V in the main gap while the 
tube was not operating. When a tube was conducting, the voltage drop 
across the discharge was about 75 V, providing enough voltage and current 
to operate a relay, another gas tube, or other devices. Some of the features 
that made it attractive were (1) the lack of continual power requirements 
for h eating a cathode, particularly in applications where the tube is not 
operating most o f the time; (2) the isolation between the control voltage 
and the main gap operating voltage; (3) the stability of the firing voltage 
in the control gap; (4) the small size-similar to a miniature or slightly 
larger radio tube; and (5) the visible discharge, useful as an indicator. One 
disadvantage quickly recognized was that the oscillations present in the 
normal glow discharge interfered with th e transmission of voice signals 
thro ugh such a rube. 

Many applications were developed in the 1930s. Probably the largest 
was that for controlling the ringing voltage to one of four parties in mul­
tiparty telephon es. By 1939, this usage was quoted as using " hundreds 
of thousands" of tubes,' 9 and the application continued into the 1950s, 
when new designs were d eveloped for mounting in telephone sets, pro­
viding extra features for ringing control in eight-party applications. The 
low power requirements were particuJarly important where the operating 
power for ringing a customer's telephone came from the central office. 
Other applications for general-purpose tubes included message registers, 
line identifiers, a nd incticators in various units of office equipment. 

Early stucties o f the cold-cathode discharge provided an understanding 
of the relationship between current d ensity and useful cathode life. so 
that highly reliable circuit functions could be obtained.20 

2.6 The D esign of Elect ron Beams 

A final development is m ost significant. ln 1940, J. R. Pierce made an 
outstanding contribution lo the design or electron beams (or cathode ray, 
television, klystron, and traveling wave tubes.21·22 

Pierce's method s covered the design and shaping of auxiliary electrodes, 
wrhich were connected to the cathod e and grids of electro.n guns, and also 
gave the p roper boundary potentials around the electron stream so that 
space ch arge repulsion would, to an excellent approximation, not expand 
the beam and lose electrons. The resulting beams were of uniform cross­
sectlonal density and were far more efficient than those designed by pre­
,·sous methods. Pierce's methods were universally adopted, and they im­
proved the pcrfornH1nce of electron beams so that many additional but 
I~ revo lutionary i1nprovements became practical. (For more information 
o:n this sub1ect, sec .1no ther volume in this series subtitled Co11111111111cnt/1111s 
~ 1e11cr~ (I 925- 1980>, C hapter 4, section I. I.) 
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ID. MJUTARY DEVELOPMENT DURING WORLD WARD 

HaVJng establ~hed 1he1r capab1liltes in the areas of research, devel­
opment, and rmnufocture, Bell Laboratories and Western Electric became 
a \1t.al pan of the trl'mendous World War II effort. The dimensions ol 
nul1t.a~ acnon created a need for an unmense amount of communications 
eqwpment much of 11 of new and complex design The experience gamed 
from the srud~ oi telephone tubes proved adaptable to military equipment 

One eumpl" of Bdl Laboratones de\ elopment capabilities and Western 
Elecmc s productton ellp.<nence and capaC1ty to meet speoal military needs 
"as the thr~·da\ design of an amplifier tube lo be used in a captured 
German telephone system left behmd as General Omar Bradley's forces 
ad\anced in Western Europe. ln the retreat, the Germans had removed 
the rubes from the communications equipment to render it useless. How­
l"\ er one rube w•> found and sent to Bell Laboratories for urgent design 
effort on a repLtcement that would be physically and electrically equivalent. 
The design Woll completed m three days, information wa.s given to Western 
Electnc engineers. and in three weeks, 1000 tubes operable in the captured 
equipment "ere seni overseas to reacbvate the telephone system. 

Parncularly apphcable was the experience accumulated over I 0 years 
on !ugh-frequency techniques and on radio equipment for aircraf t use. 
The 1930s had ~n a dcc..dc of steady progress, with ever-lighter-weight 
mulbchannel transnutters and receivers. In the area of radar, however, 
Bell l..aboratones had no backlog of expenence, especially with respect to 
rubes that would meet peak or pulse transrrutter power requirements of 
hundreds ur thow.ands of kilowatts Effort and ingenuity had to substitute 
for expenence as a newly devised tube. the magnetron, was developed. 
(Srt section 3 3) 

3.1 Rec~iving·Typ~ Tubes 

\iiht.ary requirements for general-purpose tubes are closer to require· 
mt.>nts for Bell System use than to those of the entertainment or industrial 
fit.>ld~ The"><" are J long h(e (although the mihtary always had to be ready 
to sacrifice long hfe for high performance), ruggedness, high transcon­
ductance, lo" noise, and high input impedance By 1941, the 386A and 
717A reprewnwd the latest thinking on h1gh-garn and high· figure-of­
ment tu~ for use in the telephone plant. The 717A pentode and the 
6AC7 commercial pentode became the first tubes used in preampli fi ers 
.ind mt~rm,.JJate Jmplifiers used m radar Intermediate-frequency (IF} 
ampWier.. u~mg the 717 A had a gain o( 85 dB at center frequencit'S of 30 
and 60 Ml IL .md a bandw1dth of 4 MHL, \"1th a weight of just under two 
pvund~ A 1.irge p;irt o( the Western Electnc-manufactured airborne bomb-
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mg radar equipment used this amplifier, with fe" addtbonal chJnfW> a\ 
time progressed. 

The search for more compact and lightweight amphfiers resultt.'d m tht.> 
famous 6AK5 pentode, u which delivers gam of approximately the product 
o( grid plate transconductance Cg..) and the load rl"Ststance. In th.- case of 
the triode, the gain IS not this high, because the effectt,t' load resistance 
is shunted by the tube plate resistance, which ma tnode is usualll l1l\\\'r 
than. or comparable to, the load resi5tance The 6AIG, "1th plate 'oltagt.> 
of 250 V, yields g,. of 5000 microsiemens (mS) and ma~· be compartd 
with the World War I " peanut" tube of much the s.ime size, 1vh1ch )iddt.'d 
a g.,., of 4 20 mS. Tiw 6AK5 thus repre5ented a maior impro1 ement U' er 
earlier small tubes. Figure 3-1 O shows the 6AK5 with its immediate pre­
decessors, the 717 A and the 386A. A companion of this tube, the 6Al5. 
was developed for use in aircraft equipment. al plate and screen 1oltagl."> 
of 25 to 30 V The lower voltages were neces-;ary because of the hm1tahons 
of aircraft power supplies The 6AJ 5 was a lower-g.. tube, of about 2000 
mS, but it served well as an airborne IF amplifier The ma1or de\'elopmenK 
in such tubes included the oxide-coated cathode. a Hat glass plate through 
which connecting pms were sealed, direct mounllng of the tube structure 
on these pins with s hort leads (low inductance), and small elements 
mounted on low-leakage coated m:ica supports As a rl"SUlt, high gain to 
at least 100 MHz could be achieve<!. 

j- I INCH ~ 

Fig 3 10 1'hl' l.lmow. 61\KCi p.-11tOO\' (1i:\"ntt•r) • m.tJ4"1 tmpr""' 
mt..•nt \1\·1,_•r "' lmrnt.-<ll.Jll' prl-<le~e'.-1;.of'i th\' 717A (11,_•fl).lnd !ht· )~nA 
(n);ht) It r .. •n,,\1nt.-J fur dl'<<tdi..~ tht> st.>nd.1r,i tvr mod\'.r.llt> '" h1_i:;h 
pt.·r-ft1rmJnC""" lo\\ .1nd med1um-rttqU .. •n1..'"\ tu~ 
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The basic structural features of the 6AK5 increasingly became the stan­
dard for moderate· to high·perfom1ance, low· and medmm-frequency 
tubes, and remained so tfor decades, the major change after World War II 
was the inclusion of more than one tube within a single envelope One 
of the first of these modem multifunction devices was the Western Electric 
396A. ",th two entirely :separate triodes in the same envelope H However, 
one even earber Western E!ectnc development, the 292A/303A, performed 
mulhple functions ",th a common cathode 

3.2 Re6ex Oscillators 

A ma1or need early tn the war was for a source of local oscillator signals 
at cenhmeter wavelengths to be used in radar systems. The need arose 
because no suffiaentlv low-noise detectors were available to allow direct 
rectlfication at ultrahigh frequency (UHF) or microwave frequencies . Fur· 
ther, detechon at the incoming frequency would result in loss of selectivity, 
so it was necessary to heterodyne down (or "beat" down) the reflected 
radar pulse and amplify at a lower frequency of 30 to 70 MHz. Because 
available mixers would yield an optimum signal-to-noise ratio over a very 
narro" range of beat.mg signal power, the general need was for beat 
osollator power on the order of 20 m1lhwatts (mW). 

Soon alter the invention of the klystron by the Varian brothers25 at 
Stanford University became generally known, Pierce and W. G. Shepherd 
of Bell Laboratones invented the reflex klystron osallator 26 (see Com11rn­
mcatio11s Sciences (1925-1980), Chapter 4, section 1.2). This microwave os­
cillator played a particularly important role in radar. Because of the need 
to stay near to, but separated by the IF from the incoming pulse frequency, 
the reflex osallator needed to be stable and, ideally. follow variations in 
transmitter fr11quency automatically. Much of the :rapid improvement of 
the performance of this oscillator to meet specific requirements came from 
Bell Laboratones efforti.. 

The refle\ osollator extends the frequency range far beyond that of a 
gridded tnode or pento<I~. wtwre performan~ deteriorates at higher fre· 
quenc1el> and where electron transit lime from cathode to plate is a s1g· 
n1ficant frdchun of the period of oscillation In the reflex klystron, the 
el1•ctron beam 1~ bunched-i e., velocity modulatl"d-by the RF electric 
field of the rt>l>onant cavity of the tube structure. A schemahc cross section 
of a refle\ oscillator 1> shown in Fig. 3-11 . Dimensions are such that C, a 
round, pillbox-shaped cavity. and the grids that croi.~ two ho les within 
th<' cavity, are self resonant at a desired microwave frl>quency Electrons 
emitted from a hot cathode K are accelerated toward and through the 
gnds by .i po;iti,·e potential on the cavity The rt'peller R 1~ operated at 
a nt>gat1\'I' voltage with respect to the ca thode. Upon proper .1djustment 
of voltage~ of the r~tard1ng fi~ld, th~ bunched electrons c.in be made to 
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traverse the grid structure in the correct phase to give up energy to the 
orcuit. The tube oscillates, and RF power IS deh\'ered 10 an external au· 
crowavl' circuit coupled to the ca\~l)'. The ad\'antages of th ... IJystron are 
thilt it is basically a hjgh·frequency device; 1t IS compact and reqwres onlv 
moderate voltages; it does not require an external beam focus arrangement; 
and, importantly, it can be tuned over an appreciable frequency range b~ 
merely changing repeller voltage. Thus, it can be a tunable nucrowa\e 
source or, as la ter used, it can be 1frequenC\' modulated by coherent II\· 
forrnahon impressed on the repeller voltage. A p~· problem with the 
device IS its low overall efficiency of only a few pacenL This limitanon. 
however, is not very important in local O<;OJ!ator \IS(" , "here only a fl", 
milhwatts of power is required. 

The cavity of the reOe:.. klystron can be etther e'l.tem.il or intenul h> 
the vacuum envelope. The \\lestem Electnc 707 A wao.the first refle>. IJ\">!n.>n 
to be extensively used in a radar appltcabon: tt had an t"l.1emal ca\,~ 
The tube, which can be seen in Fig. 3·12, used two Houskeeper seals of 
copper to glass (see The Early )'(ars (1875-1915). p. ~9). These early selli 
were a lso the cavity contacts. 

The 707 A operated at 3 gigahertz (GHz) and was the first ref!e~ osallator 
to be designed for voltages as low as 300 V, an ad\•antage in the design 
of radar equipment, because the osallator can be dn\·en from the lo"· 
voltage supply that power.; IF amplifiers. preampliliers etc The u.~ or 
fine mesh wire grids instead of c·oarse wm.• or no grid:. mcreased the 
efficiency of beam bunching and mcreJsed the ranJ'I" of el<!CtrOIUC tuning 

For extension to higher frequencies, and for a compact manufacturable 
structure, the tuning cavity needs to be mlegrated \\ith the electronic am\ 
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j.- 2 INCHES --1 
Fig 3 ·12 The707A.the6rst 
renex klystton des1g;ned for 
vuh.lgc~ ti!. Jo\<.' as 300 V, an 
.id\antage fur radar eqwpment 

The ba~tc design that resulted, after the usual development problems, was 
typ16ed by the 2K25, a JO-GHz oscillator, shown in Fig. 3-13. While the 
707 A set the precedent in voltage range, the 2K25 became the prototype 
for the mechanical configuration of later oscillators. From the figure, it can 
be seen that the outer shell, plus added grid s upports, form the resonant 
cavity The base 1s standard octal, and the coupling loop is part of a coaxial 
line that, al the base end, can be inserted parallel to the electric field lines 
in a waveguide operating in the TE10 mode. 

Mecharucal tuning was needed so that the center frequency for any 
el~ctronic tuning could be varied. This was achieved, but with cons iderablP 
difficulty For adequate control, it is necessary to set grid spacing repro­
duobly to a few millionths of an inch, without backlash. This was finally 
accomplished by the mechanism shown in Fig. 3-13 and described in 
principle by Fig. 3- 14 Turning the threaded screw varies the overall length 
of the bow arrangement by extremely small increments. The screw threads 
into a nut in each bow, one of which has a right-handed thread, the other, 
a left-handed one. By coupling to one grid, the mechanical spacing between 
gnds is varied. 
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COAXIAL. oun>ul l,.[AO-

1-- llNCH -i 
Fig ) . t 3. Internal stru<tu~ o( the 2K25 10.Cfu osoll•t'1r tubr In"" tuch thr tu.run,; Cil'\lt'!> 

w.-s integrated with the eltt1ron.1r elemt"nb to form .t comp.act >trUC!l.ln' 

Additional changes in the 2K25 type of de,1ce were made to sattsfy 
military requests for plug-in replacement-i.e .. interchangeability Thl.'S<.' 
included changes to the electron gun and repeller shapes to elimmate 
discontinuities in outpu t, and improvement to the tube-waveguide match 

Perhaps the la>t major contribution by Bell Laborntories to the reOe• 
klystron during World War II was the development of thermally tunl'd 
tubes. The need for >uch tuning arose from the desirab11itl' of r~uon~ 
adiustments in the radar systems to .i minimum. and the need to CUf"' 
with the possibility of enemy Jamming. The latkr problem m p.imcular 
dictated the need for fast lrequency change; b<.1th tran<m1tter and rec.-1\ "r 
would have to be changed by the same mtN\'JI The rcOe• osollat<>r 
requirement was for a tuning range greater than 1000 Ml-lz 

The first tube of this type made in quantity. the 2K45. empl<•)«'<l a 
triode built into the rcOcx oscillato1 envelope in a wny such that th\' anooe 
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Fog 3 14 M"<Ohanic;il tuner fortho 
rcn~:.: 0!t0ll.t1or This romponttnt al· 
luwl'd rcprnduoblc gnd >p.>ongs ""' 
to .t (ew mdllonth.s of ;an inch for 
van.:ibl1.• clt.'Ctron1c 1un1ng 

a channel-shaped member, 1s an element with a high coefficient of thermal 
expansion Welded to this at the ends is a bow of low thermal expansivity 
matenal Incoming ek>ctron current heats the anode, which then expands, 
causing th., bow center to mov"' toward the anode. The bow is coupled 
mechanically to a cavity gnd, thus cffrctingspacing change. The construc­
Uon 15 1llu>trat11d by Fig. 3- 15. 

Tht.> 2K4S Jbo wa~ the first ma1or design lo use an electron gun of 
>phcncal rather than cylindnc,11 geom~try The spherical gun eliminated 
output d1;.contmultw> and a gun gnd, and lowered grid losses in the in· 
ll'rachon >pact.' 

Dunni; World War ll, d"'vicc people m mdustnal, univeroity, and gov­
~·rJlm~nt I.ibornton~S coop••rnted effccuvcly. V N~her of the Mas~aci'\1,1setts 
ln;.ht\ltl' vf r ••chnolvgy Radiation L.tburatory had been working on a model 
of a UI IF 1-ly>lron th~t could be manufactured in quantity. Neher ap­
proached Bell l...:iboratones to develop a design for possible manufacture 
by Wc,km t:lctlnc .md/or other manufacturer). 

A~ .a r<..,ult uf th1~ mtcraction, the 21<50 klystron oscillator was developed 
,11 lldl L.lbur.itllr•l') by the J O. McNo11lly· V. L. Ronca klystron groups. The 
tuhl', with .i11 upp<•r frelj11t•ncy of 25 Cl 11-, had ;i resonant circuit and a 
n11•Jn' 11f tuning in .i111nt1•~ral p.1tkJgc Tuning w,Jb accomph'h~d thermally 

• ' 
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f11t l l ~ Ct•n,1ruc11,1n J.-1.,11~ \lf th'-" l.._'4S lJ\ tn.lf'I • th " Wk tu.rwd tul-c 11.11 r1J.ar 
•prlK.tlk"f\-. Tcmr--·r.aturt• th.anio;" •n elt·m.m.b .at thfo "T ,~ C•\tt\ p..s ·~c 
•nJ thu~ the.- Of,,_,.,,un~ fr,.._.u.-nt.:\ 

and controlled by a tnode section in the tube Tht• tubeoutpu1 wasdc1J1,"''<l 
through a window rather than a coaxlal lead as in older rc0l'X osoJJato"' 
It was designed for direct coupling to a waveguide by• plasbc connt'<Clor 
A slot in the connector was used to orient tlw wal'l'&llldt "1th the wa1 cgwdc 
~ectton of the tube Because of the end of \\'oriel \\'ar II, the 2K50 "'" 
not manufilctur•>d by \Vestem Electnc. 

In .111, J gr<'at \'.lrwty of oscillators "ere d~•·lupc'd for uubtan· U}4' 

One d,~1gn with the 21'~5 was used ma pube po>•b<>n moclulillon s1-stcrn 
fur communaci\tton A measure of the rncnt of w..,.1,·m Ell'<'lnc tu~ 1\ 

that of eleven Army Navy prefcrrl'<i lYJl<''- nim· '"'"' nf Bdl L.lboratono 
deMgn Ftgun• J 16 ~huw~ J list of lhc devices J'loltt>d ai;ain~t frt>quL•ncv 
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Funhcr "~pan-1<in ot 1he ~of th e 1.Jy, tron would come about with its 
arphcal1on d> ~ f">\\l'f l>Utpu t tube Ul rrut:rO\\'.J\e radio relay S)'!>h.'m~ a~ 
th<' decade cl<N'd 
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3.3 M~gnrtrons 

Probably no single development of the electron tube an of the penod 
was as crucial to the outcome of the war as the resonant ca\111\' magnetron 
oscillator Without th1; ~llator, there was no way of rehab!> generabng 
centimeter wavelength pulse power in the h1gh·kilowat1 and megawatt 
range, a range needed for effectweapphcation of radar over u~ble di.lane,., 
under all conditions of atmosphenc water vapor content Pre\10US to 1940. 
radar development was being conducted by use ohnode tubes that "ould 
at best, dehver only a fow kilowatts of microwave pul>t power" In 1940. 
howev<>r, an early Bntish magnetron was brought to Bell L!boratone:. for 
study, and 1t was 1mmed1ately apparent that a breakthrough in the power· 
frequency limitation had been found The Bribsh device was reproduced 
m the ~II Lilboratones tube shop at \Ve<.t Street 1n ''" York CH•· and 
from that point, a continuously accelerating resean-h ilnd dr\elopmmt 
program began rh1s resulted in ma1or contnbuhon' by I B Fisk r L 
Hartman, I I 0 1 lag5trum, and other.; at Bell L!boraton<'S (see Commu· 
111catio11, Sc1e11ces (1925 1980), Chapter 4. section 2 I) At Al'it, Bell Labo· 
ratorie~ c.1rried nearly the entire development load for the United State>. 
later, the Massachusetts lnshtutl' of Technology R.ida.111on LaboratM) 
shared thl' respon.,b1hty 

The opcranon I)( a mulhtavity milgnelron osolla1or b more dihicult '" 
explain than the opern1ton of most tube types. The basic reqwrement b 

that electrons emitted from a cathode. and drawn toward an anodt'. be 
bunched in some w;i.y 10 gi,•e up energy to an RF field elC.IShng m J 

resonator system. This r<'<jU1rement 1s 1den11cal to that(~ a rtfle'< oscillator. 
as previously descnbcd However, tn the magnetron osalL!tor. a magne1tc 
field 1~ introduced at nght angles to the de electn' f\dd In this cro<.....J 
clectrk magncltc field, ind1v1dual electron rnohon ~ml'> cyclcudal. •nil 
the average path length before inlcrcepllon by the anod<' 1\ great!\· "'t••nd,..i 
The corfl•,ponding intcracllon path. length is al'° •'t•ndt..J. kadmit 10 
the po~~1b1hty o( elfk1cnt energy troln~f,•r from electron• to the r~natur 
RF field 

F1gurl' 3- 17 shows the basic parts of a magnetron ·~illator for cenum<'tt·r 
wavckngth RI' gcn<>r.111<"'· The mul11cav1ty rc.onator anode con\hl~ u( 
six or more individual resonators, each <onsisllng ol the hole an.J an 
entrance •lot 10 the holl' E.1ch 1nd1v1dual resonator" cwplrd to 1r. n<iio;h 
bors Cu.l'•ually mountt'<l ms1dt' the r<>sonator is a cylmdncal uthod<· Th•· 
spacl.' between cathod\' and rt'SOnator is tht' electron mteracnon sp.t<<' 
when~ electrons bcconw bunched in proper pha<e lo \'1cld net ener11v t<' 
the reMinators as they pass each slot Not ~hown 1\ th<• magncll< fi<•J.J , 
apphl'd vcrtic.1lly through th<! ~tructurc In l)'pical raJJr llf)<'r3hilR. 3 <••ntr.11 
"r~utt Jpplies .i high 1>0,h1ve volt.1~<' (w11h re<1pc.'<t Ill the C3thudc) I<• th•· 
3nod<• 1n ,hort puJ.,..,, pc.ii.. pubc current\ ma\· r~.i.:h m.1n1 kru ul 3ml"'""' 
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Fig 3· 1 i 8.l"i1C structure uf magnetron IJSdllator for centimeter \vav~lcngth RF gen· 
\"rJuon 1\ ~t!S of ~n.JtOJ"' "'1th r~d1al slots surrounds a central cyltndrical ca thode. 

The multicavity arrangement is closed upon itself, and therefore self-ex· 
c1tmg, so that oscillation occurs during the pulse, the frequency being 
determined by the dimensions and configuration of the resonator structure, 

The mulhcav1ty structure or the device allows different modes of os­
ollation, and therefore different frequencies. A primary problem with 
magnetron design, and this was the case in 1940, is how to provide a 
clean single-frequency output. An important objective was to widen sep­
arahons between operating frequency and undesired modes. This objective 
was accomphshed by alteranons 10 the resonator structu re. Two me thods 
were used. In the first, which was applied to 10-cm and 3-cm magnetrons, 
coupling between r,;sonators was increased by strapping, i.e., the tying of 
alternate anode segments, at the capacitance part of the resonators, with 
wire straps at each end of the anode block. Since the efficient mode op­
eration was their mode, 1n which alternate anode segments are 180 degrees 
out of phas~. th" ,traps would not adversely affect the operation in this 
mode but would tend 10 dC;turb the other competing modes. In the second 
m .. thod or anode design, alt.,mate cavities, made of simple wedge-sh aped 
resonators, were or diff~rent lengths. The,,. mode frequency was situated 
in a large gap in the mode spectrum, approximately midway between the 
frt:qut•ncy associated with the small resonators and that corresponding to 
the 13rgc n.'SOnators. Titis design was p.arlicularly good for 1-cm and shorter­
wavelength magnetrons. where strapping would be extremely difficult. 
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(Scl' another vuluml' in this senes subt1tlo:d Notwn>I S..n•1<( an \\'gr >nd 
Pc'aa (I 925-19751, Chapter 2, secuon JV ) 

The t'irst magno:trun dc~1gns produced, tho: 700A to 7000. "mplon-d 
techniques s1m1J,u to those used to produce the original Bnbsh dt\'ICI.' 
These units were fur ,1 40-cm wavelength and nl'<•">-.anh• dl.'partl'<l con · 
&1dt•rably from thl' d1m1?n'>1uns of the Brih:.h modd whach upo:rakd at Ill 
cm Initial modcb wl!ri! nut Mrappcd, but when 'trappm)I ''°' mtroduc....d 
the cffictencv wa:. incrc.1~('(! lo lhe level of later dt·\lch-•> high as bO 
percent The 700 !>Cnl!S was apphed to advantagt 1n cul~ radlr fur con 
trolling guns on naval ship-. 

Resonator strapping was used m 1mmediatdv 5UCC<....d1ng dl~1gn>. the 
728 !>eries and lhc SJ23 In this period. tho: noncontJchng coawl lo.id· 
coupling scheme was devised; this is a means of rdll'<lmg. by a :.Joi one• 
half-wavelength long, a melal hc short circuit tu the po1n1 "her" the coa .. al 
hnc and the magnetron loop pickup line ml?t't Such a 1omt o:a~ the 
requirements un thl' glas> Sl'al across the co;1.aal output of the magno:trun 

\\!hen a new frl'quency allocabon requued r..des1gn of so:'eral m.ag 
netrons, it was possible to predict performanc.- b\· ptl'\IO\h)\' accumulat<..J 
l.nowledge of the cffoctof design parameters and the r~~ of mec~rucal 
scahng had reached the point where effrcts on ptrfonNnce could bt­
predicted. The 4]21 to 4J30, for the 20· to 30-cm band. ""'" de.11;11..-d 
~nd buih In a reasonably straightforward mannt'r I hey used a double· 
nng·strapping arrangement with fine frequency connol being attained b• 
strap size variation . The contact-free, or choke, coupling was used A 
pulse-power output of 750 k\\' at 50-percent efficienn "as ubtamo:d 

As frequency of dev1c~ was increased. 1t became preferable to ha' e 
po'ver coupled directl)' to a waveguide nus reqwred dl'\dop:nem ol • 
coax1al·to-wavegu1de trans111on. adaptable to a SJ'"" desir;n A mored1r1'CI 
way of couphng the magnetron power to the ~temal "a'~d" "•' 
dcVlSed and first ui.t.'CI in K band magnetrons b\• S \Wiman at the Colwnbu 
Rad1a11on Laboratorv .10 In this design. a low·1mp..dance, qu.arter-wa\e •IOI 

transformer conneC'I!. thl' bacl. of one of the magnetron r"""nat<>r 'O«l<>..,. 
to 3 short section or K band W3\'l~gu1de 1n~idc the ••cuum en\e)up. ,:, 
properly designed circular gl.1ss "·indow 1n a Kovar• cup. 1!-0l•ted b' ch,•l, 
101nt~. provide~ thl' vacuum \eal This dl>stgn \\aS adapled lo 3-cm ~~· 
nctrons by using a quarter-wa"e transfonncr of ll ·~hap..d a0» '«tic.,, 
(Sec Na11011al Srrt•rr<' 111 \Var and Ptact (1915 1~·5,, p 121 I 

For the same rc.s>L1n~ noted in the discussion of refl.-<Nlll•t":-< :1mabll' 
frequency became an earl\' goal Work on tumn~ loll<"'''° t~ ~<"< 01 

t1pt_-ir.1t1ng ''" ~ s1nglt.' rt.~'noitor .:and of turung ~ll r"-"""".1t .. ~ ...:unWt.&nc\.'U..J\ 
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Th<' tomwr can b<> achae\ed bv cuupling to the ou tside and thl'n varying 
th<• 1mp..'<ian.:e outsad<> the cav1tv This asymmctric,11 tuning scheme doe> 
n•ll r..,,ult ma "id<' tuning range. and mudmg (i.l•., >hifting of operation 
lo .m und~tred trequenC\') i:. difficult to J\'Old. It was found that the most 
acceptable arrangement 1s to prn,·ide a mt>ans of varying cap,icitance to 
n.,..,nator >trap> A vacuum diaphragm is then needed to attain s mt>othly 
contr.illable mo\'ement of pins m>erted anttl each resonator " ' ithin the 
en\dOp..' Figure 3· IS shows this arrangement as at was incorporated into 
the -!J5 I tube 

\\'uh the introduction of strapping and tuning methods, the basic mag· 
nem.>n ll>ehruque:. were available, and a great vanety of devices in va rious 
power and frequenC\ rang<>s were designed and manufactured. A further 
mecharucal s1mphficat1on was made, however, by producing a packaged 
rut-e 1 e one m which the external magnt.'t was an integra l part o f the 
de\lC<' \1agnet weight and size could thereby be reduced signHicant ly. A 
photogtaph of the 2)55 the packaged version of one of the most extensively 
manufacrured designs (725A), 1s shown m Fig. 3- 19. 

5 INCHES ___ __, 

Fig 3· lb Thto 4J5J m.:ag:netron# y.•h1ch bad a \'acuum dJ.iphragm to attain 
..,muolhl\• rontrolli>ble movemt,•nt tn51de an envelope of n."$(.)nal'or pms1 allowing 
runoibh.· rr~u~n<v 
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Fig 3· l9 'rh« 2J55 pa.<kag~d tube m.tgnenon_ ,~,.h1ch ftJtun.trd 
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A special problem or the magnetron IS the cathode, because ol the 
enormous peak currents it must supply in short pulses. Also. it IS ;ub1ected 
to intt!nsc back bombardment from electrons that gain ~nergy and return 
to the c.ithode. Generally, the use of a sprayed oxide cathode issatisfoctorv 
in tho~e tubes operating at longer wavelengths, above about 10 cm. where 
peal.. em1s"on of 10 to 30 A/cm' lS required Howe, er. when short wa\C· 
lengths and high power are to be attained. the small '"e requires both 
close anode-cathode sp.1cing and high currents. An:ing b<.>comes a pnmary 
problem, and lhe ca thode surface is rapidly destro)•Cd Studies of thes<' 
difficultic> eventually lcJ to the matrix cathode, m which, at first. finch• 
divided nickel and barium plus >trontium carbonates were nm.ed and 
apphl>d, held in place by a nickel mesh. The final ,·ers1on cons1Sted ol a 
coarse nickel powder and the carbonates, the mixture being sintered onto 
the surface of a machmed nickel cathode base. Whereas h\•es ol a fow 
tens of hours were experienced in use ol simple oxide·coated cathode' 1n 
the higher· frequency tubes, the matrix cathode exlcnJed the life to a few 
thou~anJ hours. 
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• .\.dapbng a de,~ce as compbcaled as the magnetron to economical volume 
manufacture reqwred dose cooperahve efforts between BeU laboratones 
and \\'estern Electnc. The magnetron requires massive machine operations 
to dose tolerances m copper h also requires glass-to-metal seals of highest 
mtegnl) . neproduable assembly operahons, air exhaust, and cathode ac- I 
bvahon \\'estem Elecmc met these challenges. Many of the 75 different 
codes developed by Bell 1.aboratories were manufactured tn quantity for 
the anned semces. These ranged m frequency from 600 MHz to 30,000 
MHz and lJl power up to 3 megawatts (MW). 

The maior Bell Laboratones continbutions to the war effort may be 
summanzed as follows: (1) scaling o( desirable strapping features of the 
magnetron anode for obtairung adequate mode separation and dean sing!~ 
frequency osallabon from 3 GH1 to I 0 GHz; (2) obtaining manufacturable 
and reproducible output arcwts; (3) making the magnetron tunable; (4) 
developmg a rugged cathode; (5) developing packaged tube-magnet struc­
rures. (6) aclueving completed deVJce designs that could be reproducibly 
manufactured using reasonable parts tolerances. I 

In the postwar period. two magnetrons-one X·band at 250 kW and 
the other S-band at 1000 kW-were produced 1n large numbers by Western I 
Elt.-cmc unnl 1968 (Seo? Nat1011al Serorce in War 1111d P~ace (1925-1975), p 
372 J The most 1nnovahve postwar improvement in magnetron design was 
the coaxial cavity magnetron conceived by). Feinstein at BeU Laboratories 
m 1954 :..>o It acrueved mode separation, high efficiency. stability. and 
!.'aw of m"chan1cal runing by surrounding the conventional magne!Ton 
anode configuration with a lugh-Q coaxial cavity. The TEo11 mode o f the 
cavrry wa!> coupled to the anode through slois in the bac.k wall of every 
other quarter-wave cavity As a result, rhe magne!Ton outpu t frequency 
could be tuned sunply by moVJng a single plunger in the outer coaxial 
cavil\' The 7208 Ku-band (15.5- 17.S GHz) magnetTOn was produced by 
We>tt'm li.l,'«: tnc rn L.lureldale, Pt.>nnsylvanra [Fig 3· 20) It was employed 
1n aircraft radar, and 30 years after its invention, a wide variety of modified 
l'e~1ons of 1he coaxial cav1t)· magnetron 1vere still being manufactured 
by S<:vtral companies for the m1h1ary 

J.4 Cu ·fllJtd Tub~ for R• .Ur 

A formuilblc problem rn radar operatJon exist.><! m designing a transmit· 
recel\'f.' switch {commonlv reforn>d to as a TR box) It had 10 isolate the 
radar rece1v<•rso that It 1vas not damaged or even overloaded by trans1TUtled 
pulses of h1gh-kJlowatt or megawatl peak power; then 1n nanoseconds to 
m1cr<™.>cunds, it had to swttrh 'o that a aucrowatt radar return signal was 
apphed to a <1'Cerver operaung at full sensitivity Without such a device, 
1t would bi! nl!fi'SSill)' to pro11de separate antennil5 for transmitter and 
r<'<:e1wr, "hrch would I><' c~tl) , too larg<', dlld too complex. Even then 
w mc kind of prOtl'Cbon would be «>qUrrL>d to prevent rcce1vl.'~ overload 
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Fig 3·20 Th• 7208 ro.a>OJ1l <•vtty mognetrem. nnpkJ\..S"' m1h1.1ry 
.tpplic.auons for U\.er 30 )t~B ~1obon o( • iol.nf;.I~ plungtr tunt'i tht 
de\1«' 

16) 

Two pnmary functions in a radar transnut· re<el\'e arra\' that can be 
fulfilled by gas tubes are: (I) the S\\,tclung or stored charge m a pulse· 
forming network to a tran~rrutting tube such as the m.ignetron. and (2) 
the switching or the .lntenna from transnulter to recet\'l'r Radar ad\ ann ... 
at Bell Laboratones required rapid pr~s in the design or tubes for both 
apphcations.31 

Initially, an open ·air rotary, motor·dnvcn >park 11ap " 'as used to pulw 
the transmitting m.ii;n<'tron lrom the network At high voltage. th•' ar· 
rangcment opcriltes wdl At tower voltagt"' or ll~ than 'i k.ilovolts. in111anon 
ol the discharge Is err a he; 11 was made sucet'S>lul b)· introduang au"han 
>harp points on e.lch cathl>dc. wluch started the d1'><hargc Ho""' <r the 
device was too bull..y for ;urbome use and b<'<'.am1• erratic at high alt11ud,· 
F1xed·gap tube!. wcr<' then de\ eloped, generally u\1ni; aluminum ca thud,.., 
and .i hydrogen and ari;on gas fill. A longer-hie t)·pe used a smtcfl'<i 1r<•n 
matnx saturated with mercury . The 1842 1s typical ol this class. wllh O\l'I 

1000 hours or life Four b~sic switching tubes in thi> cta~s were develup<'tl 
The Colrlil'Sl r.id,u .1pplki1tlon Wi\', or lhl' 709A Vi\CUUm osclllator tub<' 

with the ,\dditinn u l lntcrn.11 g.1s to prov1d~ .in .ire ul\d••r 1ran,m11tc'tl ?U'""r 
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1 ... , ... 1 A tun"l'.l cav1tv amund thl' tube further increases voltage at ,1 given 
f"'" er, pw1.,c1> tht' tubt· lrum high ambient RF lie Ids. and lowers arc 
<'\t1ni;w'h hm ... The tubt· was used ma shunt branching circuit as shown 
10 Fn~ 3-~ I Thr,'l· tubt-. Wt'~ designed 'Jlt'cially for u~e in a TR bo1' J 
Th.......-""r._. thl' i:lt\ 7148. and 1823, as shown in Fig 3 22 It was found 
th.:it th ... ~I 1'-l' '' J (<•mb1nahun of waler \'Jpor plu~ hydrogen. The tubt'S 
"<rt' i; ... n ... ralh .ipplll.J in wn<" with thl' rl'Ce1• er hnc For transm1ltmg, 
th ... TR rube prt'Vcni- much power from reaching the rt>ce1ver; for receiving, 
lh" TR f"J'itJun t!. ad1u.,kd •O that it is an even number of quarter-wave 
1,•ngt~ lrom th ... t•fft•<hvc $hurl circuit repr.,.,ent!'d by the transmitter, so 
that maximum vultai;e 1' tnduc ... d aero$$ the r('cl.'ivcr input . These tube; 
""r~ made in 4uan111v 1n 1944, !.um\.' 400,000 of the three types for TR 
u ..... · \' "·r~ mJnuf-t(tU rt.•d 

r llNCH , 

1·1~ l-~2 Thn't.' tub-.""I d~1gru-d fur '1'•nsm.it-rece1\r' UW' lt"(t tu nght 721A. 72<&.lt I 823 
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IV. POST·WO RLD WAR II PERIOD 

As the demand for telephone service rapidly increased after the cl~ 
of World War II, the need for outside telephone plant increased as well. 
Further, It was expected that television would also grow rapidly. The areas 
of major tube application were radio relay and carrier transmission systems. 

Postwar developments can be appreciated only with the perspective of 
a few earlier events. During the late 1930s, there was heightened activity 
in the development of new types of transmission systems requi.nng tubes 
capable of performing at higher frequencies. The 380-series tubes-pri· 
marily designed for low-power applications thwugh audio and ultrahigh 
frequencies- were useful in both radfo and carrier transmission syst1:ms 
The importance of these tubes in World War 11 and m the postwar era is 
covered in section 111 of this chapter. 

The 384A and 386A were used in repeaters of the 1.1 coaxial S)'Stem, 
first made available in 1939 for a field trial between New York City and 
Philadelphia, Pennsylvania. Commercial service of an LI system between 
Stevens Point, Wisconsin and Minneapolis, Minnesota was established in 
June 1941 .32 The 1.1 system could provide 480 telephone channels or one 
television channel on a pair of coaxial cables. 

The UHF tubes were used in radio telephony as well as in wire trans­
mission. As early as 194 1, a 12-channel. 150-MHz system was in operabon 
across Chesapeake Bay. The successful operation of the multiplex radio 
link demonstrated that radio telephony had an unportant place in the new 
era o( communications systems. One of the UHF tubes developed for the 
Chesapeake Bay crossing was the 363A. The tube is shown in Fig. 3-23 
lt was a lined-up grid pentode. The plate was solely supported by its lead 
from the glass envelope, and no insulating matenal within the tube was 
subjected to high RF potentials. The tube operated most effiaently between 
30 and 85 MHz, but could be operated above 85 MHz b)' reducing the 
plate diss1pa lion. 

The Chesapeake crossing covered 25 mlles from Cape I lenry, Virginia 
to Cape Charles, Maryland. Inserting this radio link in a K earner system 
saved about 400 miles o( wire carrier. 

During World War II, as much nonmilitary work as possible was con­
tinued. and in early 1944, a pcmut was obtained for a repeMered rdd10 
relay system between New York City and Boston, Massachu~etts (See 
Co1111111111ir11t1m1s Sci~11crs (1925-1980), Chapter 5. section 2.2.) Thh. system. 
designated TDX. used two-cavity klystron~. coded 402A, as outpu t tub,-,," 
The sy~tl'm bec;ime operational by late 1947. Two years later. long·haul 
transmission wos improved by introduction of the TD-2 system. usmg a 
microwave tnode as an output amplifier.,.. L..iter, the Tl I and TD·3 systems 
were developed, using traveling wave tubes as output amplifien.. 

The history of carril!r ~ystcms and the applic,\hOn of electron tube• in 
them is lon.ser than th,1t t>f radio systems. The signifkant contnhutlun< 
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F•~ J-ll Th• 36JA p<ntodc. u..-d on ultnhigh-frequency radio telepihony 
mmmtsMun 'D'OSb lht> Chr:s.apt.'a.ke Bay m 1941. It operated most effici~ntly 
bt!l\o\'«n 30 and 85 MHi.. 

following World War II w~re in the area commonly referred to as frame 
gnd tubes. th~e were of much higher performance, and led to expanded 
bandw,dth capabahty The same devices also found application in raclio 
svstems as IF amplifiers of hagh performance. 

Of µeat importance to the growing body of tube knowledge, a lthough 
not produ~ m quanbty, were tubes for continued military work and for 
submanne cable use All·important ioeach type of tube is the understanding 
of cathode operation, which accumulated in depth in the two decades 
follm,,ng th~ end of \¥orld War II 

4.1 C•thode lmprovem•nt 

As noted earlier, estunates of average life of oxide cathodes in repeater· 
type tubes had been 20,000 hours as early as 1930. Most progress had 
been m.Jde b.v empincal methods, such as optimizing the processing cycles 
and obtaining maximum cleanliness, and by conservative operation at low 
current densities The result of such ·progress, typified by the 31 OA, was 

f 
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a projected average life of 50 years. Historically, the expected maximum 
allowable current density for an oxide cathode was 0.5 A/cm'; even at 
that level, life tended to be only a few thousand hours Therefore, typical 
telephone tubes were run at densities of less than 0.1 A/on1• Wilh the 
advances being made in tubes for radio relay, operation at higherdensihes 
or at moderate densities for very long lives became economic.ally •mportant. 
It was expected that the only way predktable long life could be attained 
would be by a more complete understanding or the ca thode than eXtSted 
at the close of World War II. 

It was long known that chemical reactions occur in the oxide cathode 
between the supporting metal base and the coating of barium, strontium, 
and sometimes calcium oxides. The base metal was invanably nickel. This 
system was found by experiment to yield the highest electron emission 
per watt of heating power attainable in a readily manufacturable form. 
However, it was .ilways true that the emission and life depended cnhcally 
on the composition of the nickel base alloy; tube manufacture reqwred a 
life test run of each new nickel alloy melt, and acceptance or rejection 
was based on this test. It was also found quite early that the nickel itseU 
does not react perceptibly with the oxides, and very pure nickel resulted 
in lower emission than suitable nickel alloys. Thus, the materials in solu11on 
in the nickel-base metal alloy were of critical importance. Some elements, 
like silicon, readily react with the o><ldcs lo produce free banum, but re.ult 
in a compound at the nickel -oxide interface that presents an impedance 
m series with the cathode. Others, like magnesium, tungsten, and :zirconium, 
readily react without forming a harmful interface layer Progress m cathode 
understanding would require understanding of the char.icteristics or these 
impurities in the base metal and their control. 

Research in the metallurgical depa.rtment resulted, by the earl)' 1950s, 
in the ability to produce nickel "-ith no impurity above the trace level (less 
than 50 parts per million) and, importantly, the ability to reintroduce 
controlled amounts of desired elements." In the same bme Jll!nod, much 
had been teamed about the diffusion rates of the elements m nod.el and 
their reaction with alkaline earth oxides.M With this data, it became possible 
to predict the most favorable elements to add to nickel cathode bases. the 
operation temperatures lo obtain th~ opumum element atn\•al ran•. and 
the length of life of devices Specifically. the following main conclusion~ 
\'¥ere dru,vn: 

(1) There is an optimum rate of atomic barium (and/or strontium) hb· 
eration, by reaction between a reducing element diffusing from the nickel 
base and the oxides, for a given current density of enuss1on. ThlS rate is 

10 • micronlole/cnl1/scc for an emission density of 200 mA/cm1, for 
example. 

(2) At a given tcm~rJtur<', thickncs. of the nickd ba~. and concentrat1un 
of the redudng element, tht.' barium liberation rat~ can be calculated. 
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s, JQoO. the tht.>01'\ had been tested by e~tend~ hfe studies on both 
lab..>ratol'\ and prc.>ductmn tubes, and the modif)~ng effects of mtemal 
tube enqronment were recopuzed" IF1g. J-24J 

Dunng about the fa,t two decades m \\'hach the vacuum tube was the 
prrdL>trunant amphfymg device. Bell System nl!eds \\ere mostly m two 
cat<"S<'nes. (I) the m1crowa"' t\-pes-travehni; wan~ tubes, tnodes. and 
~l\'strons. and (2) !\fld ·conrrolled earner or recel\·ing tvpes. The former 
can possabh use cathode< in a wide range of nickel thicknesses, although 
tht? f"'JUl!t.>d current density"' high m order to obtain good electron-circun 
couphng and ~ble gam with reasonable tube size. The latter are limited 
10 Ihm mdel cathodes because of requ rrements for low heater power and 
the need for a large area of electron emission In this category. the dens1tv 
uf cll\bS!on requ11emenb was mJballv moderate, but increased ";th progress 
m d..-.1i;n · 

Lltx.•ratol'\' hfe studies md1cated Zirconium to be the preferred addatl\e 
d<ment lor U'-1? m tube. \V1th cathodt>s about O 05 mch thick. The ume 

r 

tu d~plebun uf half the .i:arcomum. for 0.1 percent by weight concentrallon. ' 
"a.' pr!!d1ct~d Ill be 20 yea,.,. at 200 mA/cm' den~1t)' and normal operating 
t .. mp .. ratur"' Ho" e\•er \\1th 0.003-mch-thick cathodes. the equi\'alent 
bm" " onh abou1 2000 hours Studv of malenals for thIS case resulted 
m tht: finding that a combmabon of tungsten and magnesium would gl\'e 
comparablt· pred1eted lifohmes 

ApplKatJon of the new kno" ledg<' to production tubes rather than to 
laboratul'\· tube> resulted m ;,omesurpnses. Even though thick nickel could 
u•ualh N> ust'd an microwave tubes, these den~ requfred much internal 
glJs~ and m~tal area as compared with the cathode area. 111 the earner-

., . 
' 

,, 
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• 

llU' .11.Jf'll .. "" I 
I 

fl); ) 14 l>i•ltl'~m \lt • pl~Nf cbodr u1ot<d 1n t>l\)dlt"t. •1mtd 11 ,~.\tt"ndin~ 
th. .. W(· of c.athod~"' 
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type tubes. however, the cathode area is a much larger proportion of the 
total internal area . It was found that the former cathodes, o~rahng at 
high currl.'nt density, were much more easily disrupt<'<! by pr<)C('Ssmg van 
anons than were the carrier types. As a result, the pure nickel. single­
add1tive technology was not generally adapted to microwave tubes. wher~as 
the technology was successful tn 1>'l'id·conlrolled camer type; Essenttallv 
all grid-controlled tubes made by Western Electnc w.<.>d the tungstcn­
magnes1um alloy. The microwave tubes used an allol( rontairung >C\'eral 
reducing elements. 

In 1964, another contribution was made lo the oxide cathode art. th~ 
coated po,vder cathode.'" It was shown that under high-current emission. 
the current flow may cause a high 6cld across the coaung This field w1U 
cause positive ion donors to be attracted toward the base mi;tal, lea\1ng 
a depletion at the cathode coating surface. If the gradient across the coating 
could b<> r<>duc<>d, the •urfacc depiction would oho be lcso unde~ h1gh ­
current-density operation To this end, the particles of carbonate that m.i.ke 
up the coating were individually coated by a thin nickel layer The carbonate 
was later converted to oxide during activation of the cathode, but the 
nickel coating remained. Experience proved that excellent life was obtaUled 
at a current density as high as 1 A/cm' The coated powder cathode was 
used in traveling wave tubes and PICTUREPHONE visual telephone ser· 
vice. An addition.al benefit from use or the cathode was its lessened sen­
sibvity to process variables. 

4.2 Klystrons and Microwave Triodts 

Of the common carrier bands available for radio rel.t)' purposes. the 
one cen tered a t 4 GHz w<is preferable from the point of view or directl\1tv 
anienna size, and rain attenuauon Al the end of \\lorld \\'ar II. pnot tu 
the development of the traveling wave tube, onl)' veloatv \'4nat1on tub<.-­
(klystrons) and close-spaced gridded planar tubes were .-•atlablt' a~ sat· 
1sfactory RF amplifiers at 4 GHz. At the time, the only provm rehat>l, 
vacuum seals were metal to glass, the ceramic-to-metal vacuum seal wch 
nology having just been bom These considerations lurutl'd the de51sn vf 
multicavity klystrons to two cavjtics (rather than three- ur four-ca,,t, 
designs) and h igh beam voltages ( 1500 V), since low ''oltagt~ rcqwre cl~· 
spacings. To provide the gain, power output, and bandwidth rt'\jui.red of 
a 4 GHz RF amplifier. four stages dtss1p~1tng 180 W were nt'<'<kd 

If one could shrink the interelement ~pacings of the th~n curr .. nt nu· 
crowave triodes tu k-ss than 0.001 inch. it appeart'CI th.1t a "mpkr 111\\ 
voltage and lower-cost RP amplifier could b~ produc..'11 C11n'<'<jU•·nth. • 
dose-sp.1C<!d planar ttiod" d~1gn, lat<r codt'<l the 41 bA. wa' 1'.),"''" i-, I ,\ 
Morton and l\I~ a~•oda t t.., with ·'" obJl'Chvc of 0 0005·tnch i:nd 'l"'"n" 
and a grid pitch of 1000 turns per mch u;mg 0 0003 inch d1o111w1t·1 ''"'" tt 
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A dtawtng of the resultant structure is shown in Fig. 3-25. Noncon· 
vent10nal cathode construction was required to provide for the dose spaang. 
The cathode was coated on a thick nickel base assembled on a ceramic 
reference nng These elements were made coplanar by a grinding operation 
after assembly. A special technique was developed to coat the cathode 
with a precise application of high-density carbonate coating. The applied 
tluckness was lirruted to 0.0005 inch, and the assembly was supported by 
spnng loading the ceramic cathode reference nng to the grid frame with 
a preas1on spacer. The thickness of the spacer is the sum of the cathode 
coating thickness, the change in cathode position when heated to operating 
temperature, and the desired cathode-to-grid spacing. 

The gnd consisted of parallel wires wound on a m olybdenum grid 
frame Expenence showed that the tungsten grid wire could be drawn to 
0.0005 111ch. The diameter was further reduced to 0.0003 inch by elec· 
trocherrucal etclung in a continuous etcher that was feedback controlled 
from a resJStivity measurement made on the completed wire. The grid 
frames were given an evaporated gold plating on one side and th en mounted 
back to back in a windlng machine chuck. The winding pitch was obtained 
by reduong the feed obtained from a precision lead screw by a factor of 
10 usmg a sme bar lever. Winding tension was controlled by a dynamic 
system that overcame the "whip" caused by rotating the flat grid frame . 

...... ..... .... 

i---1/21NCH { 

f1~ 3 lS Oc.br·sp.ict-d m1cro"'oll'c tnodt, d-.•velopcd by a. group 
11."d b~ I A ~furton The de-stgn tJb1t•chv~ wos .l1l 1mprovt-d, lu\,•­
\ Ult.1gt', '-lnl ttfl'CtJ\ t RF amphfieJ 101 4~CHz Opt.'I<lllOn 
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At an operating potential of 200 Vanda current density of 0.2 A/cm', 
three of these tubes cascaded in an appropnate circuit produced 23-dB 
gain, O S W of power output with greater than 30-MHz bandwidth The 
extent to which dimensions were reduced can be appreoated from 
Fig 3-26, which compares the 416A with a more conventional lnode of 
that time 

With con tinued development work, the average hfe of modes operating 
m low-level input stages eventually reached 40,000 hours; a lifo of I 5.000 
hours was typical at 0.5-W output. Furl her development allowed operabon 
of the amplifier at I -W output 

Tube development and production started by u~ing nickel-iron-cobalt 
glass seals. As the metal -to-ceramic seal technology evolved, the glass-to· 
metal seals eventually were replaced by beryllia ceramic-to-metal seals. 
ThJS resulted in reduced RF losses in the seals and increased RF power 
output J• The high thermal conduction of the berylba seals allowed the 
total de power input to be increased With these changes, the power output 
of the 4-C HL amplifier eventually reached 5 W 

The 416 senes of close-spaced tnodes was used as transmitter amplifiers 
m the TD· 2 and ID-30 radio systems, wluch started w1lh 0.5-W output 
and, with a series o f improvements, reached ever-increasing power levels 
until a level o f 5 W was achieved Starting with a route capaaty of 2400 
telephone m ess"s c circuits in 1950, o later version uf lh~ 4-CHz system 
was capable o r 19 ,800 circuits per route. In addition, these systems were 
used for network television and data tTansmission.>• At one time, about 

OXlt>l tVA SING o o o o o o o o'o o l o o o 

Cl. i .~Al !U lfllQ l 

I 1~ ,) 26 ( . \Hl\5>·\fl\.\ln ~)I it.1/'°"' JnJ 'l\ r.l\10)~ '\ ul I l~<t ll•i tnodt t l,•fl) olnJ 1tu _.It-A 
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.,.,,,..,. ~., • • , ,oJ .. 1, .... ,Kf'I (Mxht) \.lilh •• t>f lJ "f"'"'K "' 1/llh)() .. ,,h 



172 C•gmrnin.~ and Sntnu rn thr Btll Syst"" 

ill percent of thl' long-distanre arruit nult.>S used radio systems ";th dose­
>p.l'1?'d mode amplifiers About 100.000 tu~ \\ere used m amplifier or· 
CWb. and more than half that number were used m signal generators and 
l'n.>quenC\ ron,·erters • 

U Tr••tling W•ve Tu~ 

A p.int ~'"Pin aucrowa,·e-frequency gain-band figure of merit occurred 
"1th thl' in"enllon by R Kompfner, and 1he subsequent exploitation by 
Pierce. of thl' baste travehng wave inccra("hon scheme.•• Here was a new 
amplifier de\1ce that prt.>Sented the promtSe of largt> bandwidth and high 
gain \lmuhanl'Ously The reason for such capab1hty is implied m the name 
Modulallon of an el..ctron stream by mfonnallon to be ampWied occurs 
ronbnu°'™v dunng near!v svnmronou• electron beam and electromagnellc 
(E\I) wa'" tn\el There are no fnoquency hnutabons caused by transn 
11m" The ~ted phy,..ral structure. 1ogl'!her w1th traveling wave in· 
t<.'ractJun, pt'rtru~ the input. amphlica11on. and output of a ..,;de range of 
trequeno"' There is. howe\'er. a bnutallOn on gain set both by reqwrements 
lur ~tab1hl\· a.nd bv pracbcal hauls Jn the amount of energy that can be 
tran,forr...d from the electron beam to the EM wa\'e w1thout losing the 
n ... ar •vnchroru;m between the motion of the electrons and the wave. (See 
C<1mmun1<at1ons Sc1t>1cts (1925-1980), Chapter 4. !>«lion IU.) 

uk" other m1cro,vave tubes, the rravehng wave tube (TWT) operates 
on the pnnaple of electrons gl\/tng up energy to an EM field. The interaction 
occut> bt>tw...en a hnear electron beam and an EM wave that propagates 
alung a slow wJvt' arcuit This orru1t caus~ the 8'1 wave to follow a 
rout .. that resulb m its forward progress tn the beam direction being slowed 
unul tht' latter is the order uf 0.1 c (lhe free space vclooty of light). The 
slo" ·Wa\ e ruruu typically surround5 the electron beam. Cain is obtained 
b~ ad1usung tht> elecrron beam 'eloory to be 1ust •lightly faster than the 
"'IUOt\ of the EM wa•e tn the dirt'Cbon of the beam ax.is. The beam IS 

thtn modulated and. on the average. slowed by its interaction ... ;th the 
E'1 ... ,,., tht> kinebc enel'g\· lost bv the electrons is transferred to the E~I 
\\.lH' a!> the Luter progresses toward the output curull 

Man" slow-wa\'e ruCUJts have bttn devised. but bv far the most '"'dely 
u~ is a wnple wire he!J>.. An EM wave tra,·eltng along the wire has a 
'dual\ along the hellic axis of about pc/1td, where p IS the helix tum· 
tu-rum >paang. d its mean diameter, and c 1s, again, the free space velocity 
o( hght Typically, tht> ht>bx IS wound to make the a>oal wave velocity 

• S.1"'""" iu;~ •nod IY&J. ~IJd >-t.Jc' •mrhfit"h u,.ang g.tllium .tt"t<n.tdc 6 .... Jd cH«t tr.tnW).tun 

•\t ,,. 1n,yJ1,-,,t tn pl.tCk u! 1he ek.:trvn tu~ tr.in .. m11n11g .amrhfk-r \.\'nh 1hc replacemt"nl of 
lhl' &.-w: "~ inodr. lht- t"l'lllTl' m ~dJU ~\1\-(t·m "'\ (Vf\\f'rted to ~-~talt• dt.•\;~ 
r,c'fUM\t•f\ 
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l'QUl\'alcnt to that of electrons accelerated through 1000 to 4000 V. Other 
.to" w.l\l' mechanical configurations are u~ful for higher powers, eJ<· 
ampl~ are a series of resonant cavities or a meandcnng waveguide. Shown 
1'\ Fig 3·27 1s a schematic of a hebx·type tube. 

Early important contributions in the TWT field by Bell Laboratories were 
amplifier stability and quantification of tube design Later contributions 
included noise reduction and beam focus. Bell Laboratories also offered 
the first mechanical design of precision slow wave structu res, introduced 
the first mass-produced TWT, and built rugged TWTs for military and 
tarth satellite use . 

By the mld· 1950s, several TWT developments were maturing for ap· 
plication One of these was a 3-GHz low-noise tube, the 6784, for military 
use. A second, the 444A, a broadband output amplifier, was developed 
for use m the TH· 1 long-haul radio sys:em then being readied for service." 
b1 dJUJttUll lU t}\t: basic CUl1lributiUll~ 5'1Vt:f1 "dFllt:f, the extended research 
•nd development program on these two tubes yielded most of the knowl· 
edge on TWfs that was applied to succeedmg codes. Some of the most 
significant findings and developments are outlined below. 

Ion Damag~ to Cathodes. Because the TWT IS long, there is enhanced 
probability of positive ion formation from electron-gas molecule collisions 
even m the most optimally processed tube. The negative space charge of 
the electron beam tends to prevent the ions from leaving the region of 
the electron beam. Consequently, many of the ions produced in the region 
of the slow-wave circuit drift close to the beam axis toward the electron 
gun and then arc accelerated toward the cathode once they enter the 
anode-cathode space, which provides an accelerating field It was found 
that cathode life can be reduced by an order of magnitude from this 
bombardment. The solution is to design the tube in a way that requires 
the anode of the electron gun to be biased more positively than the slow 
wave circuit to effect a barrier to ion travel from the region of the slo" 
wave circuit to the cathode. In all bLt those tubes designed for th~ verv 
lowest no1Se, this practice has been followed. · 

r,J.\ ) 21 ~<'h-.·m~h<= "'' a h'-'1'' ty)'>'-' tr, ,\:t.ng ' """' tub,· T"J>K .. 11). 1h" heh,., .. 
\'o'UUnJ It• m.l\-.(' tt\\." ol'-1.1l velocit\' of Jn R.F \\'J\ 11.· .il,,n~ lh11.• ht•l1\. t-quavalent IU tht· 
....... tuc-1ly or ell.'Ctron~ 
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C •llrrtor Depression. By proper m«h.lrucal design, 1t IS possible to operate 
thl' l'll'CtrOn collector under RF dn' <' a~ lo" a~ half the voltage of th• 
~lm• waH• arcwt. br this means o'er all TI\'T effioency IS sign1ficanth 
increa~ because. except for po\\ er to heat the ell"Ctron-emitting cathodt', 
m~t diss1pabon in a TI\'T occur; m the collector electrode. 

,\:ow In tubes desigried to deltver moderate J'O'"l'r. a converging electron 
beam L> often used to a\01d exce!.!>1ve current dens1tv from the cathode 
The cathode has many times the area of the electron be'am focusedl through 
the slow·wave structure Tius beam compr~s1on tends to magnify the 
growing noise wave that IS produce<! dunng beam Oow It was found that 
th1~ Wd\'l' can ~ greatly suppresse-d by mtroduang controlled magnet1c 
Hu>. at the cathode plane l'\oise can often be reduce<I by an order of 
magn1tudl' 

Htlix Acrura(l( There are ad\el'St' effects-ms1ab1ltty,granularity of gain 
VetSus frequencv. and mtennodulaboM-tha1 may be produce<I by penodK 
van;mons of pitch m the helical slow· wave arcull Verv accu.rate w1ndmg 
and meaM for maintaining accuracy are nrcessary The first need was met 
b) machine de,·elopmen1, and the '>(!C()nd by development of a techruque 
of attachtng helu< Wlte to ceramic suppomng members at each crossing 
of the wire The result, widely used m later tubes, IS suffioently .accura te 
that no e'lldence of penod.iaty can be detected 

Magntltc Focusrng. lrubally. de solenoids were used for TWT fOCllS 
In ve-;bgation of materials and physical shapt.'S r<>sulted in a design procedure 
for .:ittalnmg minimum material, perrnanent ·magnct focus arrangements 
U\mg a uniform straight field. For the 444A for the TH· I radio system. 
such a orcu11 was adopted for production L.lter m the 1950s, Sell Lab· 
oratoncs contnbuted 10 the development of a new scheme for focus, in 
which a ~nL'S of nng magnets produces a smusou:fally varying magnehc 
fidd "" S..-cause much less magnetic matcnal 1~ needed than for a uniform 
fit·ld, and !>..-cause 1hl' penod1c field produn-s much lower l.'xtemal leakage 
magnetic Hu>. mu.I modem TWT amphfie~ us.- magnebc- focusing. 

Th .. 444A b«am<> the 6~t n\'T h> be manufactured m significant quan 
lllJl"lo AgJm. b1· cooperabon bet\\ttn &11 l..Jboratonn and Wotem .Electnc, 
a'wmbh ttchruqul"> peculiar to thL• TWT were successfully adopted m 
manufa(turt. and oH•r 20.000 1ubt~ had h••en ~hipped for customer use 
b\ tht· end ul 1974 Th<> de\~Cl' wa~ U'>l.-d a\ the output amplifier and a~ 
J ~uurce of local usollator power in TJI I radio It cun~1stently delivered 
mo1., than 7 W of power for penod" of 3 IO 5 ye.il'1> 

~111ure 3·28 shows the 444A tub<" and focus c1rcu1t The collector was 
coolLoJ bv air now from centrally locatL-d blow••r. m the Tl I I st a hon. The 
<>ut"r 'hell. much larger th.ln the anual magnl•I, wa~ provided to lower 
l"Jkolg<• lidd' that might affect nearby apparatu\ Succl!'t.>dmg power TWr 
Jmplif1<·r. ""'" dt-.1gn•-d for T0·3 r.1d10, TM radio. and TH-3 radio All 
u~rJ pt·nodK fucu\ and mcorporatt'd thr i:rowmg body of cathode know! 

f 
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t- 5 INCHES~ 

Fig 3·28 Th• 44411 tu~ •nd IO<w anun Th• outa •h•lt much Wi;n U..n w 
1ctual magnet, wa5 proVlded to lower l~•k.lge 6eldl' th.tt m.1gh1 al:tt<'1 nr•~ •pp;&r•M 

edge to attain long hfe One of these, the .\61A shown in Fig 3-29, con· 
stStently delivered an average operating life of eight 1·eus 

One additional TWT departed !>Dmewhat from the gtnenl desJgns al· 
though tl borrowed heavily from the technology and processing of them 
This tS the M4041 tube for the Telstar satellitr" To pro1,de 3 5 ~,· of 
power at 4 .0 GHz in an e'tTemely reliable pad.age. tlm urut had a cathode 
current d ensity of 80 mA/cm'. compared to 200 mA/cm' in the JX>"er 
tub11s A cathode conslstini; of ultrnpure mckel w11h 1.1rcoruum addih1e, 
a~ discussed in section 4. I. wJ~ used. This S<ltdhte tube "as constructed 
m the laboratory under ultraclean condtl1uns The focu<mg orcwt wa_, 
anolher innovation- a compromise between a hea11· ~1ra1ght field ~1·.i~m 
and a penodic sysh!m II uwd a field re"ersal al th< C<nter \\'nh tht> 
orcun, a favorable rompromt'it' was reached bet1H•t·n tt>tat \\etght ~d 
effioency; weii;ht "'"' cut by a factor of SU< from a <mgtr '>tra1ght 6eld 
magnet Compared with use of a pt>riodtc field a <muother beam ptofilc 
"'"' maintained, altowmg lower collector voltage and therefore higher 
dfidcncy, as prcvtou,ly <'\pla ined. Reliable performance m 'pace "" 
,\ch1evc-d by very c.u1.'ful procl's;mg and testing. and wle<hon of tub<-. 
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f-- S INCHES--< 

F1g 3·!~ 1lw .ft>IA tr.l\'f'lutg ""'l't' tub.: «'n"-1>ti:t\tJ) .. deU,·tTed •n avaiitige operanng 
b.lr ul nght \r.an. 

onl\ after 2000 hours of agmg and 1nsp<'Cf1on The mechamcal d esign was 
mad~ \Cf\' rugged to "1thstand the rocket launch 

PtoJKt Telst.ir also requ ired the largest and most powerful continuous 
\\'d\'t (Cl'\') communications TWT developed at Bell Laboratories, the 
M4040 "Thu, tube, a xhemallc of which 1s shown in Fig. 3·30, developed 
under extreme hmc con>lraint> by R J Collier, G. D. Helm, ). P Laico, 
and K M Srnn y, was a 2·kW CW travdmg wave amplifier, 4 feet long 
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and w..,1gh1nr1 230 pounds. The only nonhchx Bell Laboratorit>s T\'-'T, 11 
cmpluycd a couplcd-~av1ty slow-wav~ stnictur~ with 3 13 pcrcenl band 
",dth centered at 6 .15 Cl It and a gain c~ct>ed1ng 27 dB In t!arly 1962, 
M4040s '""" installed high on the antenna (et.>d~ in Telstar ground Iran"· 
m1tter stations at Andov1,>r, Mame and Pll'umcur·Bodou, France, they func· 
boned reliably as the final power amplifier of the signal beamed to the 
Telstar s.11cllitc . 

One of the last T\VT dc'>igns by Bell Laboraton~ was for the AR6A 
single-sideband microwave radio system The performance ob1ectivt'S for 
thlS tube, cudl'd 473A. were s1gmficantly different from thow of it!> pre 
decessors Instead of being designed pnmanly for good dfiaency at con· 
unuou.> operation levels near saturation, the 473A had to deliver high, 
short-period, peak·powcr output. However, 1ts ma1or requirements Wl're 
specified .at a power output level far below saturahon; although 11 had a 
peak capab1hty of about 70 W, the cnucal parameter. were measuzed m 
the region o( 05· \IV outpu t, as shown m Table 3· 1 

Many TWTs were invest1gated for the AR6A apphcauon and found 
lacking In required intermodulation performance. The 101ermodulatoon 
levels for the 473A tube were at least 3 dB lower than any other available 
tube The Oatness of the third-order 1ntermodulabon as a function of 
power output was supcnor in the 473A when compared to the other tobt'S 
under invesbgation Further, the restncted gam-notSe sum hm1t requued 
departure from the con~ervaove electron gun des1g~ preVlousl> used 
Ma1or features of the 4 73A met all the above detailed requirements. After 
a short period o( manufacture. it was found that 473A yields were rap1dlv 
increasing and shortly e>.ceeded predicted values. Application m ARbA 
bays demonstTated that the design met all requirementJ. It was operated 
with a power supply designed for 11 and the combination of the tube and 
the power supply was stable with !.'~tended field use (A total of 293 
devices were shipped for field use before \Vestcm Eleclnc lemunated all 
TWT manufacture in December 1981 ,) 

No Bell System apphcat1on of the T\VT has taken advantage or the 
potenbal instantaneous band\\idth o( the deV1ce. ThtS is b<.oeauseof slalutor. 
frequency assignment; and also be-cause modula110n systems naturally 
divide available frequency space mto channels As a n»uh, 11 has noi h<'l·n 
necessary to provide wideband input and output cucu1t; 

Table 3· 1 . Cnticat Parameters of the 473A TWT 

RF gain: 
Ga•n plus noose tiguro· 

Third..order 1nten"l"'t0dulat1on; 
Filth-order intermodula1lon: 

40 to 46 dB 
69.5 dB max 
-90 S :t 0 4 dB (Po 19 10 29 dBm) 

1 ao dB (Po = 22 dBm) 
- 160 dB (Po a 18 dBm) 
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\lenbon !>hould be made of a number of el<penmental electron tubes­
be>th lh,trons and TI\'Ts-th.lt "ere de•eloped for use as osollators and 
amplt6ct!> 1n a aulhmeter-wa•·e rommunscahon S\'Stem (later referred to 
a' 1h ... \\'T-4 s~-,,tem) ~ on thl' uw of the low-loss TE,,1 mode in a 
arcular .... ,egwde this ~~-srem was the ~ub1t'Ct of connnwng research al 
S.-111..lboralones and e~ here from the late 194~ into the 1960s because 
of lb exiremelv wide 1Tansuus.s1on band 

A dt~pbon of such tnno•abve devices a5 spatial harmonic amphfiers, 
the backward wave osollator. double stream amplifiers, and ocher de\flces 
u•mg t'lectron-wavl' mteratnons IS 10 bl' found m Commun1catio11s Sc1e11ces 
ll 9!5 1980), Chapter 4 

4 4 H1gh·Figu~f-."feri1 Curirr Tubes 

The nl't.'d for arcwts with greatcr bandw1d1h It"<! lo conbnuOUS evolut>On 
1n th ... dt ... 1i;n and produroon of lo" power, camer·type gnd control tubes 
Tht· m~t sigruficanl steps were m the apphcahon of known design pnn 
apl..,, lo maXUTU.re the g.un·band .. 1dth (CB) product figure of ment and 
apphcanon of nt>w cathode tl'Chnology '15 pre"1ously descnbed 

ln•...sllganon of the reqwttmenlS for high CB product revealed lhat 11 

" IJr>Jeh J funC11on of tran>eonductanc-e CB -g../(C1 ~ C,), where C, 
and C. art' lube mpul and output capacllances Smee by defirution, g.,. is 

the chJngt m plate current dtVlded b)• thl' rorre-.pond1ng change in grid 
cu-cathode voltage controlling the plale current, .inythmg that will 1ncreasc 
tht· 1nOuencl' of the gnd voltag<> (signal input) on plate current flow is 
d,..,irabl<' Mewing tht• conlrul gnd clOSt'r to the cathode will do this Un 
fununalclv II will alw maease C1, how<?ver. the 1mprovemenl mg.. much 
m"'" th•n utf!.t't> this mcrease. pamcularh· 1f a small gnd -.~re 1s used 
F<•r .i tt'trodL· or pt-nlodt' tube. a dl'Crca<.e m cathodt• to·gnd spacing requires 
th.it th•· >Cll'l'R gnd alS<> be mo•..-d clu>cr to the cathode 1f the operating 
'••lt•g~" not ro bt> unusual!\ h111h Surululv. the plate should ~ moved 
cl.-r, bu1h to Upt"ral-' at modt'rate •olta11e and to pre•ent tnfluence on 
th•• d...-tncal ch.iractt:n>bcs due to 'pace charg<' 

Th<· &AKS/~03A reprcsent..J the >lat~ of lht' u1 at lhe end of ~-Vorld 
War II The 1mpro•~meni,, 1n subst-qul'nt dt~lgit\ .>rt• ~hown tn Table 
3 ·:? fh.._K 1mptv\f\.'Mcnb \\l'f.'.t.: t1C'h1CVt."Cf by chan,;e5 tn mt.."Ch.-in1caJ design~ 

preu;,um P""'" pan>. newer cathode tt-<hnolOJIY and slanshcal controls 

Table 3·2. Improvements In 

Tube 

F ogure or meni (ljlln· 

banc1 .. o0tn poOcJUct, 
MH1) 

8AK5/408A 

72 

the 6AK5 Serles 

404A 435A 4 36A 
-

123 146 165 
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B.!11 Laboratones contributions along these lines can be dl'SCnbed by c111ng 
de' elopment of tubes for use in the L3 coillUal system." 

The 0.0035-inch cathode grid spacing of the 6AKS is about tht• minimum 
for coi\Vt'ntion.il construction ll!chniques. Stud1e!i of designs for !>O''tblc 
L3 amplifier tubes indicated that the cathode gnd spaang 'hould b,, 
0.0025 inch The smaller grid cathode spacing n:quirt-d a new gnd d•~•gn. 
as shown 1n Fig. 3-31 The grid frame consisted of l'-'O side rods support•-d 

...... 
t,OJ ... , •• , ........ 
•.r..itC••f(i A'iti 
... 11•r.ro t.•11.1 

..-,... 
:'"Al.fu 1-Fl.&V,f ..... 

C,3L 

. .:.:ttJ J•"Vl 
C- D 

~)E.A. 

,,:;•.:.: 
.iJ:A 

G!.A:!O f ?At.ft ,_ 

Fig ) .Ji The 0 OOJS .. 1nct\ c.11hOOe gnd Sp.letng ('If lhc M1'"""5.,. ~bout 1hv mmunum •~ir 
ccnv<"ntional gnd C\)l\.Stf\lt'lio1l l("Chnll(U'"" (top) Nt'''' b'Tid dl....-lgl\\. v. rtf>' rl-quus'd fi,1 ''-""<"t 
"p.aong; 1hrec c-xamp1cs ,,,~ ~hO\\•n 
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by straps at each end, lea,ing a space to be occupied by the grid laterals 
Tht.> 'Jdt.> nxli \\ere ground to preose dunens1ons to control the grid cathode 
spaang The gnd was wound on the frame and held under tension, and 
a gla~ fnt glaze was fired on to maintain the tension . New machines were 
de•eloped to obtam the preosion required m winding these grids. Gold 
plating, important to mhib1t thermionic emission from the grid, which was 
heatoo by the nearby cathode. was put on the grid to a thickness of 20 
m1cromches The 0 0003-inch diameter tungsten wire was wound at 410 
turn; per inch on the 436A and 380 turns per inch on the 435A. The 
tension in the lateral wire was equal to 200,000 pounds per square inch, 
an order of magnitude greater than the working stress of archHectural 
steel The screen gnd was wound by conven tional means, and the tube 
element> mounted on D'l!ca supports. The mica dimensions had tolerances 
oghter than anv previous designs The technique used was to refurbish 
du.'!> as \\ear approached speafied limits Mulnple sets of dies were made 
so that a usable die to specified tolerances was available at all times. Figure 
3·32 L> a cut.iwav view of the 436A. an l3 tetTode tube. Extensive testing 

T 
I 

I l'ICH 

--

' ,~ 

l""O SHIELD 

MICA 01$1( 

'LAl( 

C0NV(NTIONAL 
S(A((N GRID 

f-AAYf (;RtO 

J 11; J J:? Thi.· 436A tt'l.ftlr<k~ tube lur ttk• I l '\).Jll.a11l ,·11Dlt• tr.irumis.s1on 

\\"Jt-m Gnd ""'tl't" ""-'" 0 000) 1n<h 1n J1;1mt·tt"r \\'OUnd 410 tum.s 
P'" me h 

~ . 
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pruved the soundness of these construction methods, and the tube was 
m.-.nufactured at high yield. The L3 coaxial system employed careful 
statistical control methods to assure that minor manulactunng deviations 
did not pile up to cause out-of-specification system J>i!rformance" 

4.5 Cas Tubes 

From the 1930s through the 1950s (except for the World War U years). 
over 20 types of cold-cathod~ tubes were designed and produced for the 
Bell System, resulting in a design t>xperience of providing unique structures 
and unique improvements in the normal characteristics of industrial-type 
applications, Some of the developments were as follows 

(I) An unusually stable voltage reference tube, the 423C, for the T0-2 
radio relay automatic switching system and for the TH and TJ systems. 
[Fig. 3-33) This tube used parallel, Bat, pure molybdenum electrodes that 
would provide an operating voltage stable to less than 0.1 V (typically 
0.02 V) out of 100 V per 1000 hours of operation, an otherwJ.Se unavailable 

CCRA\llC 
(LtCrMOOt ... -
~UP.1'0A1 

---CAT+-00£ 

--A .. ODl 

~·----- I INCH-----<1 

f;1g )·33 rh" 423C C'\ltd C'.ithoJi: s•s tubt. u)C.'d h) flt1."l\•de .­
r~·f l'rl•ru:c \• ult.,g~· (or th"' 1U·l. i · 11, _,nd Tf mk'r\1~'J\ i• r.ad10 1r.a1'1!• 
Ull .. ,lllll 'Y"l\'ll\.<i (C(\\~\U1d\\"Ji~l .)nd \\' otwn' Pn1tr1pl~ .. ., u,,,,.1,. 
""''"' (lq56) 5~0 1 
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d~tt of \t'1bthr.· A later "ers1on. the 4328, pro\'lded the oscillation-free 
and ~rgc-fn..... rl!ference \'Ohage requ1n'<I by the A2A and A28 video 
rr aru,!ru).SJon s \'Siems 

(~)A \'Oltage regulator rube, thl' 4 27 A, pro,·1dmg nominally 0 I -percent 
r11i'Ulahon lrom 5 to 40 mA m contra\! to thl' 5-perccnt regulation of 
comml'f.:i.il tu~ Thl5 rube also u'cd paralll'I molybdenum .electrodes to 
obtain nl"eded s1ab1hr. 

(3) A counhngorsleppmg tube, thl•6 I 67 .1nd 439A, m the early I 950s."" 
"h1ch would traru.fer the glow d~charge from cathode to cathode m 
r ..... ponw lo mcommg pulses by the action of the glow discharge moving 
from the location (on o.>ach cathode) of initial discharge to a preferred 
luc.ibun in the direction of the >teppmg or counting movement. The ar­
rang"m"nt of the dectrodes t.' shown m Fig 3.34 and again schematically 
m Fig 3·35 The cathode design used the recently develop.ed concept of 
a holloi. region of a cathode being the preferred chscharge locahon. In 
tht> caw, the hoUoi. was formed by coiling mol)·bdenum wire, the wire 
al"' pro,1dmg a mounting leg and the p1d, up" e~tens1on for the discharge. 
\\'hilr counting tub<.-!. i.1lh simpler electrode structures later became avail· 
able commerciall~·· this tube provided manulactunng el<perience with the 
hulloi. cathodt' for later~. 

I INCH ---~ 
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V. ELECTRON TIJBES FOR SUBMARINE CABLE SYSTEMS 

The electron tubes developed for submanne telephone cable systems 
were probably the most rehable tubes ever made Bee.use of the use of 
electron tubes in cos ti y to acct'$S sea·bottom repeaters, the fir..1 transatlanbc 
cable system, TAT- I, was recognl2ed as a very ambobous pro1ect As former 
Bell l..aboratones prt•s1dent W. 0. Baker stated in the Btll lilbs N(WS of 
January 29, 1979, "T AT-I, for its time, ranl.el! m tnginet:ring cliffkuJty 
with the later feat of putting an earth satellite into orbit •. .., 

While all components of the system were required 10 be highly reliable. 
the tubes, with a known wear-out mechanism. wert the key 10 the success 
of the project Reliab1hty was designed and bwlt into the tubes Al Bell 
l..aboratones, worJ.. on tubes for use in a proposed transatlantic system 
was started in 1933.'° A short 6eld trial cable from Ke)' \\'est, Aondi! lo 
1 lavana, Cuba was laid in 1950, and the first maror S)'Stem was put into 
commercial op•ration across the Atlantic in 1956 

The s uggested obicctwc for submerged repeat crs was that the tub<'S 
should not be respon sible for a system failure for many (possibly 20) years. 
At that time, an average operating life of a few thous.ind hours (p<>rhaps 
three to four month>) was satisfactory for tubes on the home entertainment 
field Jn land-based telephone equipmen1, an avnage life of a fe" years 
was considered reasonable. To meet the 20-rear ob1ectl\"e. no ne" or 
untned technoloi;1es were introduced; the emphasis was on COl\Sef\ atove 
design and careful manufacture. 

In design. three basic assumptions were made (I) op<>ration al the 
lowest practical cathode temperature would result m the longest therm1omc 
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life. (2) operahng anode and sen-en grid voltages lor the tubes should be 
l.ept low, and (3) the cathode current density should be kept as low as 
practicable 

ln manufacture, car>e would be exercised in the selection and processing 
of matenals. m fabncabon procedures, and in detailed testing; long-term 
aging of all tubes would be carried ouL Records o f these items would be 
re\~ewed as part of the final selection of individual tubes for use in the 
repeaters This seleroon concept was unique at that time. 

The tube developed and manufactured by BeU Laboratories was the 
I 7SHQ sho",, in Fig. 3-36. The operabng characteristics were cathode 
temperature, 670 degrees C (true); anode and screen voltages. 32 to 5 1 V; 
and cathode CUJTenl density 0.7 mA/cm:. 

The cathode operating temperature was derived empirically. Life tests 
were run for many years, even during World War U when testing had to 
be squeezed in, and while the bulk of the work '~'as done at about 710 
degrees C, the results at 670 degrees C and 615 degyees C indicated that 
670 degrees C would be appropriate. Normal cathode temperatures were 
approxunately 750 degrees C . 

•• 

1-- 2 INCHES--</ 

Fig 3 36 f..irlymod•I ol •h• t 7SHQ (upnnh1)Jnd 
lht• fin•J vt·Nun (\ti\ ,.d .. ) In tht' fi...,I tr•nutJanuc 
)\'!oh.-m. 306 of thesco IUbt."S Opc?'r-ated for 22 Vf!.ll""O 
\\·11h01.11 i011lure 
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Life tests were also used to study the effects of anode and screen gnd 
voltages over the range of 40 to 60 V. No essenhal differences in perfor· 
mance were noted after eight years of operation, so the vokages listed 
above reflec:ted the needs of the system. Vo]tages us.ed in other vacuum 
tube amplifiers were typically 150 to 200 V, 

The effect of cathode current density on thermionic life was also studied 
by life tests. After about 14 years, there was practically no difference over 
a 12-to· I range of densities, i.e., 2.5 mA/cm7 and 0.2 mA/on' The 6nal 
choice was to operate at 0.7 mA/cm1, in contrast to nonnal cur:ent density 
of 50 mA/cm2• 

One common cause of tube deterioration with li!e is the formation of 
an interface layer on the surface of the cathode sl~ve. As menhoned 
above, this depends in a complex way on the chemical composition of 
the cathode core material and, in effect. introduces a resistance in series 
"-~th the cathode. This results in negative feedback and reduces the effective 
transconductance of the tube. The low transconductance of the 175HQ 
tube (I 000 mS), the low cathode temperature, and the large cathode area 
were favorable factors to minimize the effects of this interface resistance 
Again, as a result of life testing. one batch of nic.kel (melt 84) was selected 
for use in the production. 

The tungsten heater for maintaining the cathode at the proper tern· 
perature WA<i critical .. since the heaters of all tubes m the system ""·ere 
connected in series. One open heater would disrupt the cable. Protechon 
of the heaters from power surges was provided by a b)•pass gas tube 
across the three heaters of each repeater. Careful selection and control of 
the tungsten wire was instituted. The heaters were run at I iOO degrees 
C, which lS well below that used in conventional tubes. 

All 175HQ tubes used in submarine cables were made at Bell 1..-.bo· 
ratories, under the close supervision of many or the original development 
engineers. Fabrication was carried out with extreme care by operators 
specially selected for the job. Nylon smocks, acetate rubber glo,·es, and 
restricted areas were early steps toward modem ultraclean faolities. Thor­
ough mechanical and electrical inspections over a 5000-hour aging period 
provided information for selection of individual tubes for "ble use By 
normal commercial t.,,;t limits, the yield would have been aboul 98 percent. 
With the criteria used, only one tube in seven was accepted. 

The original ob1ective of a 20·year life was met by the fits! transaUantic 
cable, where 306 tubes operated for 22 years without a tube-related failure. 
This cable was retired m November 1978, for economic reasons. At that 
hme, the 1608 J 75HQ tubes on sea b<Jttom m seven cable systems had 
given 287 million tube-hours of trouble-free service. 

The development of a new tube for the SD (l ·Mliz) cable system was 
started in 1955. The resulting 455A· F tubes" were designed by Bell Lab­
oratones and m,1nufactured by Western Electric in Allentown, ~nnsylvania 



186 Eng1netr1ng and Sr1t"11c' 111 tht' B~ll Systt"1n 

-

!--11NCH--i 

f1" J.J;" Th'- ~S~A tut-.:- ni'hn1nfd tn • D'lit'th.Jcryl•i«' hou''"J;. uwd 1n the l · !\IJ.tz SO 
\ub-m.mnl' co1blt: '\:'t,•m A~ ul i'\""~mlh-r 1978. ~874 s.u,h 1ubt..~ 1n 10 c.1ble S)')1em> h.id 
accumul..att'd 711" millll!n 1ubt· hour" uf M>f'\'1<.c 

with the dose surveillance and cooperation of a resident group o f ll~ll 
l..Jboratunes engineering per.onnel. Tlus tube is shown in Fig. 3-37 

To meet the same 20 year system rehab1hty ob1ect1ve, developers o f 
thl! new tulle ui.ed an cxtcns1on of the J 75HQ design philosophy, updated 
o.n th~ aN.ii. where s1gn1fkant progress in basic knowledge had been 
made For the bru.idliand •Y~tem. a higher tran>eonducta.,ce tube was 
nl"t.'ded, an~ a much clu;cr gnd to-cathode spacing was required. Thc 
>paong for the 1751 IQ tub<' was 0.024 inch. compared to 0 .0055 inch for 
the 455A F The use ul lramc tyP" gnds aided 1n mainta ining the closer 
>paong Table 3 ·3 compares the two tubl'S. 

Table 3-3. Companson of Submarine Cable Tubes 
·------ "'-------- - --------< 

175HO •SSA-F 

C81ho0e iempeflhMO (ltVe) 670' C a1o•c 
Catnooe curren1 CUtnSlly o 7 mAfcrn' 10 mA/cm' 

l 
Gncl<all>ode 5l)aClng 0 024 "' 0 .0055 In 
MeA1mum oktment vottogo 51 v 45 v 
Trangconoue1ance tOOO .... 6000 µS 

-'-

., 
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~'\11th the closer spacing. concern for small particles of debns in the tube 
Mructure was increased To improve tnJC<OSCOpoc 1nspecuon for such un­
wanted particles, development engineers designed the tube wt1h an open 
structure. M1nlm1z.atoon of particle generation was effeci•>d by assembhng 
the lubes under lomlnnr now hoods located on segregated clean rooms 
and by other advances 1n environmental control This was lhe sho,.•place 
clean room of ill> day 

As seen on Table 3·3, the cathode temperature was ~ept at 070 degr~ 
C (true) but the current density was increased from 0 7 to 10 mA/an1 

This was necessary to achieve higher transconducunce but was constdered 
l\'~sonable in the Light of long·bme ltfe tests The chOlCt of Cilthode matfllill 
was again of prime 1mponance. By this hme, work by ph)'Socal chemists 
had advanced the knowledge of cathode enussoon phenomena lo lhe point 
where the use of ~peofic materials could be recommended ThllS c.>thodes 
were made from s.clected melts of high·punty nlckel 10 which had been 
added 2 percent of magnesium. 

Once more, close altenrion was pa1d to lhe tun~ten ~ for heaters. 
sonce the heaters, protected m a more refined way by gas tubes. would 
agaon be connected 1n senes for the enbre system Control of matenals. 
assembly, processong. aging. testmg. and inspection "'ere pwsued to a 
high degree, and agam all information was scrutuuzed m selectmg mdi· 
v1dual l\lbes for system use. 

The performance l\'COrd of lhe 455A·F tubes was most unpressl\t'. A!> 
of November 1978, 5874 tubes in 10 cable sys1ems had accumulated 738 
m1lhon tube-hours or 'ervicc. Two tubes were ronsldc•ed 'probable fail­
ures." although no qer\'1Ce interruption could be directly altnbuted to 
either tube. 

The gas-tube surge protectors wen~ made \\1th the same consel'\ab'e 
car" While they were not achvel)• pan of the n?peaters. they prund...d 
standby proteclton and were requtred to perform 0\"1 the same tune penod 
on the same remote locattons 

Cas·filled byp.-ss tubes were needed m each repeater as a pan of the 
f~ult·locating arrang~mcn1 They were dt.>S1gnlod to breal. down m the 
event of an open circuit w11hm the repeater. thcrebl' rcstonng arcwt con· 
1lnu1ty so that the remaondcr or the repeaters could cvntinuc operating 
' I he tubes were also neces,nry to protect agillnst tran~lcnt>urj\~ that might 
propaga te down 1hc c.ible In the event of C\temal damage to the cable 
•heath Requirements for the bvp.15, tub<'S were (I) th•• breal.d11"n '"lwge 
must be safely above the normal operJbng voltage drup •'""5 thc "'peater 
(2) when breakdo"""' OC\'Ur. J~ a ~ult of an <.>pen a1cu1t .,,thtn thC l\'J"'•ter 
the tube must be ablt• t<l (arry the full cable current <11 0 25 A -.11h a 
SU'>ta1n1ng voltage lcs> than 20 V lo nunuruJ'l' heJt sentr•twn 10 lh<' n?J"'ater 
•lnd (3) for •UtSl' pr<ll•'<li<Jn, the tube mu-i \olel)' C~O') 'hon·durab"n 
'urn·nt pubes of c1lhcr pol.1n1y measured In hundn-d> ur ~mpl'••'l> An 
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.i~··n lill<.J tube contauung a cold (illht>d<• h<'.lll'<I t<' em1thng temper.itur<"> 
by"'"" t>.•mbardment sucebSfully met 1h,...._. r<'<juirements ,, " 

\I PICTUREPHO:-.'E VISUAL TELEPHONE SERVICE TUBES 

Twu of the last tubes developed by Bell Llboratones were used with 
c•penmental \'ISwl telephone sel'Vlce The d1~play tube~ for this system 
wa~ not the usual cathode ray tube ... [Fig 3 38] It was a plug-in device 
n"qU1nng no ad1ustmen1 dunng installation II was encased in plastic and 
had a i:la55 ~h1eld across its face to ~ervl' as protcchon against accidental 
1mplt,.1un The b<'$t toclmologv of lho ttm<' wos ust-d to achieve lone- lif P 
c<.>atl.'d powder cathodes. The cathode<; were operated conhnuously at a 
'hgh11\· reduced temperature to allow " instant on " 

The camera tube. de,·eloped by a group led by E.. I Gordon, was based 
on tht con,enbonal ,,dicon tube used in the 1964 World's Fair 
PICTt:REPHO,,E VJSUal telephone '-<rv1ce !>Cl~ However. the experience 
at the Fair5ho"ed how \-ulnerable the antimony tnsulphtde image-sensing 
targ.-t wa5 to acodental exposure to bnght hght The effects range.J from 
bum·tn of gh<.>51 unages to local de<truction of the target. To overcome 
tht> problem and to take advantage of integrated orcuit technology. de· 

1---- 5 INCH~S 

I 1~~ J 3~ flh· PICTCREPl-iONl vuu•I k:lt·phuf1l' "-'r\ Ill' dupl~y tu~ Unhke <-n 
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t-l.1 .. 11c ~ f\C-_...._.m .. flt '!loen.·.d .u p1°'o."CtlU,, J!Wt,,-.1 ~· <1tt1•nt ·'I 1ml"li"acu1 
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veloper. turned to the use of a silicon diode array containing upwards of 
2501000 diode:~ on 20·11uc .. J'o11't~l-.:1 ce11lefs. Thisco1'1cept .,.,.d.) mvt!'ntt.'d early 
in 1966 and by July 1966, feasibility had been establ~hed. The bnght­
light problem was solved; a camera tube with good sen•ihv1ty, <>speoall)• 
in the near infrared, resulted •• (Fig. 3-391 An intense developm~nt l'ffort 
involving Gordon's group at Murray Hill, New jersey ind a group under 
S. 0 . Ekstr.1nd al Reading. Pennsylvania resulted in models for an ex­
perin>ental trial and Western Electric production during 1970. 

Jn addition to use 1n PJCTUREPHONE visual telephone ><'rv1ce, this 
camera tube was used as the red channel of color camtras, and was used 
for surveillance in parking Jots, apartment houses. etc. It also had import.lnt 
military applications. One version of it was used in the Apollo moon 
landing experiments. A s torage tube version was used in luggage sur· 
veillance systems at airports. 

VU. TUBES FOR ELECTRONIC SWITOUNC SYSTEMS 

Initial systems planning for a high-speed electronic switching system 
involved a central computer-type control using the high-speed and random· 
access storage capabilities of electron-beam deflecbon tubes. A semiper­
manent memory called the flying spot store, incorporatmg a cathode ray 
tube to access information stored on photographic plates, was also de· 
veloped. Parallel readouts of this memory were obtained by the s.1mul· 
taneous interrog•tion of many photographic plates arranged in front of a 
single cathode ray tube. The system plan involved using the low-noise 
negative resistive characteristics of the hollow cathode gaseous discharge 
tube that had been under development for some time for the talking paths. 
Development of production tubes for the initial s"ilching system trial 
at Morris, Illinois was begun in the early 1950s (See another volum~ in 
this series s ubtitled Switclli11g Tecli110/ogy (1925-1975), Chapter 9) 

.. 

!.--- 3 INCHES--~ 

Fig 3-39 C.imer.1 h,1bt.• fllr 1he PlcrLJREPI IONE ''»U<ll h:lcphont Stt\"l('t' svst"m lt u5oe'd 
a s1hco" dtudc .:in.ly as 1he ll~hl~k·nsih\"t t~rget I~• solve the bnght·hghl prot-Jem 01nd \\.J'I> 

1.-~p<"ct.:ally ~'"°n'iit1v'-' 1n th\' nc.1r 1nfr.art"d 
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7.1 Buritr Grid Stor•gt Tu~ 

The Nmer gnd storage tube. A4004. u<i.'d an electrost.:itically deflected 
electron ~am to deposit charge on a d1clectnc surface (writing) and the 
s.:ime beam at a later hme to detect and remove the charge (reading)." 
The bas1C ~tructure of tlus tube IS shown 1n Fig 3-40. The control of 
<econdary electTOns produced when the electron beam stnkes the surface 
1~ a.n important funetion in the chargl' and d1sch.uge As s hown 1n Fig. 
3·4 I, a fine gnd, dtlmg ii> ii bilrrkr and ~dJ11Cent to the flat dielectnc 
surface, prevents the redistribution of ~econdary electrons from disturbing 
the charge on adjacent spots dunng writing and reading on any particular 
spot The A4004 could store bmary mformahon on a square array of 128 
bv 128 dements-m modem parlance, a l 6K random-access memory 
(RA \I) The tube could wnte and read m less than I microsecond (µs) and 
wa<, ust'd m the \lorrtS system at full capaoty at a 2.5-µs storage cycle 
for both reading and wnting ''Reading destroyl.'d the charge (erased) and 
re"·rrnng wa~ required 1f the ch.:irge mformahon w.:is to be retained for 
<ubsequent use 

7.2 C•thodt R•) Tub• fot Flying Spot Store 

The design of the Oymg spot store for the ;<>mi permanent memory was 
bas"'d on the availability of a suitable cathode ray tube under d evelopm ent 
commercially Unfortunately, that development fell for short of meeting 
tht> speoaltzed requirements and had to be abandoned. Development was 
then undertaken in the electron device department to meet the desired 
rl'qutr~men~ in time for the S)'Stems trial [Fig. 3-42) Tube requirements 
1ncludl.'d (1) neghgibl~ beam d1stomon with electrostatic deflection, (2) a 
phosphor scr~n with adequate ltfo and fast decay after excitation, and 
(3) .i nt•arlv opllcally Rat tube foe;, without appn.'Ciab!(' imperfections in 

tht• i;l~~s. "h1ch would mh:rfcre with the 1mag1ng of the individual light 

f--- 5 INCl1ES 

I 1.,; 1·40 The" lt;amtt gnd ~tor;agt tutK' Uf\o\--d '' • mt•mory dl"VI~ In e.lrly field 
l ' l""·rlm•·"t• w11h 'lt,ttvntt l(kophun.- \Wll(hlt1,q An 1·lt'( tr<,,, bt-iin\ dt'~H\•d tnfur· 
nlollh•n 1-n .t dH'lt,t11c •Uri.act' 1nJ .iilw n·•d 1nft1rrn.111on f1t1m the •url.l(\" 
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Fig l "1 Essenu.:11 el(ttnents of thf b.lm~ gnd rubf. ft '11111~ .i 16k rmikm a«f!M mcmosv 
'~uh~ 2.5 µ-. ~lld·wntt' ~ye.le tunr 

spots. Fortunately, producbon models of lhe cathode nl) tube M2000 
developed at tho.> Murray Hill site met the necessaJ)• reqwremenb and 
were installed m the Morris system tnal " The opbGJ! lac<? plat<? for the 
tube was an interesting challenge. Glass rrumulacturers were not able to 
met!l Bell Laboratones specification.• for the 15·1nch diameter. l / • mch­
thick Oa l plate The problem was occlusions tn gl•ss grea1er than I to 2 
mil' m diameter It was solved by mspecbng selected pieces of glass from 
two munufoclurers until suitable areas could be found 

7.3 T•l king P•th Gos Tub• 

A<. dbcu&scd above in S<'t"tion 4 5, a hallo" cathode >UUcturt wa> 
dt!~igncd a• part o( a counting or stepping lube Among the chaucten.S'1Q 
of intt:rc5c \ver~ ils IO\V impedance to thc- transnuss1on of audio frequt.-n()· 
•ignab and It• negative rl>slstance for useful discharge currenb " Th"5l' 
Ch.UaCtCriSlics pcrmiltcd the de>1gn of >W11cluns networks In which s·~ 
tubo:• replaced relay contact> in the talking p.ih [Fig 3·43) Thes<- tu~ 
took odvant•i;c of the stable discharge ch•t•ctensucs de•·elt>pe<! in 
the u•c o f pun• molybdenum cathodes 

The Moms field trial o( nn electronic S\\1tdung S)-Stem made t\ltn>1'e 
u~e o ( such un ique gas diodt'S as clecnon1c crosspoint> ln the S\\it<h1ng 
matri~ that provided connc<tlons throush the S)'Stem ' 1 Thl'>l' tub..'S •l><l 
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Fig 3 ~~ L.a~.at(Jf\ model"' chr flr1n~ 'J"lil.'' .,,.,.... On.sn ob,ects ... ..-s 
tndud<.'d G'Ul\lft'lum bt•m di .. 1~ .a J>ho!-rh(•r """"'" "'"'th \C'fV fa.st 
dt.-c4\ uld .a "'°'''t' ''r'te.all\ pttf«t tubr ,.._, 

pronded oth .. r >witching control (unC11<ln~ bt'cauw of their stab1hty and 
current capaotv ., • 1 (Sec St<•1uhmg Trc/111c>log1((l 915-19"51, Chapto.>r 9. >ec· 
hon 4 b) 

The gas tub<- HO>\puint pn.w1ded the switching (unction .is a result o( 

th<· tltifrrence b,,h\'l'l'n thi: breJkdown voltJge of 200 V and the dis 
<harg.--:.ustaming ,·ullJ);<' u( 110 V The rc.,,1dual fr1:e l'lt!ctrons in the gas 
n<Wt-d to permit rapid breakdown werl' P"" 1dtod b~ .in auiuhary pho 
tod<:ctnc surfact> in lht: form of banurn g<'ltl'r "' .iporated on the gla<'; 
"""of th1: tube acll\Jtcd b\· the 1llummat1on of lluor'-""ent lamps m tho.> 
ndwork cab1m·t' t\(it·t btl'a!..do\\ n. the tube pro\ldt-d the talking pa th. 
the ncgJtne '""'tann• furn"h'°!\ a small amount of voJC<' frt'qUenry am 
phf1cJt1on tu olfwt oth<·r I°'' m tho.> \·mce p.,th 

f·or all apphcahon,, about 70.000 of thc:.e Cr<>o\pomt d1od\'s wero.> r<:· 
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Vig 3·4 'l C·'" lubt.""t (ur lh\* t•ll..lnF. ~lh l•I C.u tubrr cr~~pvtn1 lb) Schcm.ab• ut ~' tut-. 
Cft~~H)iUt (C) rlu~ In l\\'l\\Ol l.. modull' lur the ~torru.. llhn..11;' fk.ld uul In .JJ1hd'l t11 II• 

~""·1t< hlng (untt101\, tht• d e ' 1~· 0in\pl1AN '~""°" Mi;J\.ll• ix.ale '" luc (<l onJ, I 

quir<'d for the Morris lns1allnlion. Over 2000 other ronrrol 1ut-c. wen· •I><> 
rcquir~d to provide appropriate S<!lection and latching ol an •"•dable path 
through lhe network. and lolor to rcl••)o lhe p•lh. Mu1t uf th<'>< ••'qUl«-d 
the s1obill1y uf the m olybdenum c•lhode d1S<h11rge for Up<ration 
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Thu' th<' dcH•loped technologv o ( lh<' c:olJ·cdlhod<' gds discharge pro 
"J'.J lh<' 1ools for uunal stud\ of l hl' conc<'ph. of ele<.'tToruc sw11ching. 
which would g.:i forward from 1h<»t> \'car.. w11h the bro.idcning technology 
of ~mKunJuc1or de'1ct'S 

VII I. EPILOGUE 

It ha• been poss1l:>le hl're to cover only tht! highlights of Bell l.lb<.>ra torie> 
contnbut1on. to the electron tube art and science. Because of space lim· 
nanun~. many areas are d1SCU~sed mon.• bnefly than they m eri t. These 
include magnetron improvement for .am:rdft and missile detection systems, 
n:hab1hty unprovl'menr m these sys1ems, and TWTs for application in lhe 
h0>nlc <'n\ ironment of rruss1le guidance svstems 

A' -em1conductor technology advanced, apphcahon of resou rces to 
l'lrctron tubt?s 'lead1h dechnoo so tha1, exn•p1 for n'\'Ts and the microwave 
tnod<'. de,dopm ... ni actl\~t\· bv lhl' late 197~ was negligible. Yet in 1974, 
\\l'>km Ell'Ctnc manulactu/l'd nearly I ?00,000 tubes to support equipment 
d .... 1i;n,-d b.>fore and dunng the serruconductor era 
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Chapter 4 

Optical Devices 

In tire 1920s, tire Bell System developed optical dtvicrs for 5-0u11d mot1011 
prc111res, tcle/llroto tra11smissio11, arrd televisron Optrcal work rtgarntd prom 
i11e11cc i11 tire more modem era tlrro11gllllrt classic 1958 paper by A L Sc Ir aw low 
and C. H. 1·ow11es, wlriclr pointed thr way to colirrt11t, ur1idittrl1011al sourcts 
of ligl:t aasers). S11bscq11r11t devtlo/lnlClltS irr lasrr ttclmology at Btll Uibt11atonts 
included lasers of marry wavelcrrgtlrs and powrr lr11rls. Of sptc:al 1mporla11a 
to co1111,111,1icatio11s 1urrt solid .. statt lasers operatt11g at roo"1 ttmprraturt a11d 
avalanche pl:otodiodes that provided vtry strrsitwr l:gl:t dtteruorr Othtr attas 
111 optics to wlricl: Brll Laboratories /:as madt co11tnbutrorrs mcludr opto1so/ators 
tl:at arc significar:I i111provrme11ts ovtr lhtir tltctromtclrarucal counttrparts. 
a silico11 larger television carntra iubt, a S-Olid-statt ttll't!151orr ramrro. and 
lisl11.111odi1la ti'o11 ntid dcJ1i:ctia11 dtt>itrs 

I. INTRODUCTION 

The history of optical devices in the Bell Srstem dates back lo expenmcnts 
by Alexander Graham Bell. Bell transmitted speech over a beam of hgh1 
using a device he called the photophone, for which he was granted a 
patent in 1880. Pr»chcal li!)htwave rommunic.bons. as 1t turned out, had 
t<> await the development of lasers and low-loss opocal 6b<rs in the 1960s 
and 1970s. devclopmcnls to which Bell Laboratories scientists made ma1or 
contributions. Although not directly related to telephony, the importance 
of transmitting visual images was recognized vcr)' c.,ly in lhc Bell System 
,1nd led to pioneering work in the 1920s, first 111 telephotogr.phy and then 
in ldev1•ion. The vacuum tube photocell was essential to these 6rst dcm· 
onMrations and rs an ex•mple or nn early Bell Laboratorres contnbuhvn 
to optica l devu:'''· Optical devu:c development m the Bell System O\'Cr 1he 
year~ h.1'- pr,>dt1ccd ad\'dllCl->s h·l tclev1.s1on, sound recording tnl mt>t1ur1 

picture l'llm, high ·spccd moti(ln prcturc photogr.1phy, and mfonnatmn 
dli,play ~nd slor.1gc \'\11th the advent or 1.,.,.,, an the carlv t960s. """~ 
On ~t.ll1d .. ~t~\tC optical dC\'1C4.·~ c:.r1l l.! lr1to prominence, pto\idJng the (uun 
dnt1~>1l £or n1l>dcr11 optical com111u nlcat1ons. 

t9' 
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U. LASERS ANO LIGllT·EMITIING DIODES 

The first hght sour«" ut1h1('d 111 the Bell Systl.'m were incandescent arc 
lamps and filament lamp!> (For more information on theM! devices, see a 
companion volume m th!!. senes subbtled T/11· rarly Years (1875-1925), 
Chapter 6, secbon 3 4 5) Filament lamps were u~cd a~ early as 1890 in 
a telephone trunl. "gnalmg rucuit and an 1894 for switchboard line sig· 
nalang The de' elopmt•nt ol 11nproved tungslen·filamenl mdicalor la mix 
"~pursued a1 lldl l..lboratones unti.I 1932, and 1hese lamps were widely 
u>t'd elen up to lhe 1970s. when the)' began to be replaced by light· 
emunng dmdes (LEO.). dl!.CUssed la ler in this section 

F1Jamen1 and arc laml"> radiale energy an all direchons and over a w1de 
range of "'avelengths Ahhough directionality and monochromaticity can 
be achieved by spaual and wavelength fil1ering ol a filament lamp or arc 
lamp. lhe fihenng proces~ produce1; an output beam ol extremely low 
anten.s11) and hence ol hm1kd practkal usefulnes5. It was only with the 
de,elopment ol the la~er that a ughl source w11h !he directionality, mono· 
chromaboty. and high mtens1tv need{'(! for opbcal communications became 
ala1lable The speoal charactensbcs ol lhe la-er are directly attributable 
to the opocal gain or net sumulated erruss1on ol the laser medium and 
thl' tl!\'dbact.. prol'lded bv the laser cavtty mirrors 

\\lule tht> theoreacal b.isl!> for samulated erruss1on was given by Einstein' 
as early as 1917. It was not unhl 1954 that the first practical device based 
on >bmulated emis>1on. the microwave maser (Microwave Amplification 
.,,, Stimulated Emission of Radlabon), was inv<•nted by J. P. Gordon, 
H ) Zeiger, and C II Townt>s of Columbia University.' This device 
fornn'<I the basis for extreml'ly low-noise microwave receivers thal were 
uSl'd in the early Tebtar ~ldhte l'xpenments and in radio astronomy 
(l:.uh mast'r worl. 1> d....cnbt>d ma companion \'Olume an the. series subtitled 
Plt~>rcal 5"1tt1<"$ 11915· 198W. Chapter 5. secbon I.) The maser set the stage 
for the'°' cntmn of 1hc lawr (Light Amphficahon by Stimulated Emission 
of Rad1ahon) which "•' proposed in 1958 by A L. Schawlow of Bell 
L.it•oratunt"> 1n <ollaborat1un \'1th Townes, wh(> was at that time a Bell 
L.Jboratont>S con>ultant 1 As dc;cnbed in wme det,ul in Chapter 5 o f 
Pl1~>1cal Scie11ce> (1925 1980), these scientists de,cribcd an optica l oscilla tor. 
pumped by radiation. and introduced an imporlant new concept, the open 
re"mator, cons1stmg of an amplifying medium between two parallel, op· 
pu>1ng rell<"Ctors 

The 1m11al pubhca11on ol 1he Schawlow· Town<><; Jrtlcll' sparked a flurry 
of attempts to produce a worl.able sohd·state laser following their pre­
>enp11on In 191>0. T 11 Maiman of the 1 lugh<.,, Re.earch Laboratones 
U><-d a chrom1um-Jup..>d ruby crystal illuminated by • pulsed flash lamp 
to create th .. first succe\>ful de\1Cl'' It operated in the red portion of the 
v"1ble spectrum at a wJvtlcngth ol 0.6943 micrometer (µm). Publication 

., 
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of MaomJn·s ""ults was followed by• p.iper from 8"11 ub<ir.itorn . ._. which 
"as the fir~! to show the unu~ual d1t1'Ct1on.l11y and <<>htrenc• of 
lawr light ' 

Another form of las1:r. the hchum·necin la~r. w" ptuJ><Md by A l•van 
on mod· 1959 and first demon>lraled by l••an. W R 8"nn•t1 Jr and 
D R I lcmo11 at thl' <!nd of 1960 •The gain medium on tho• caw wa' an 
dcctncally excited gas discharge II oprr•lcd conunuou•ly at lo"' power 
JI a wavelength of I 15 µm on the nedr infrared pon1on of lh• •pectrum 
This was t he fin.I continuously oper.itrng lawr and produced enormou• 
interest Jnd '~xcatement. 

In 1962, A D. While and ). D Rigden dcmon.irated the fir,t red· 
cmlmng (0 63 µm), continuously operating heloum·neun lawr ' Thi." helium· 
neon system was explorl'd in great detail and ">suited on gas lasers as 
small as one inch long. For the first 11me. Bn ophcal ~llator hilvrng all 
the charactcrisltcs of microwave devices was available forcommunocabons 
e'penmcnts Another unportanl gas laser em1U1ng visible radJatJon was 
the argon ion laser." which. because of llS combrn.bon or radubon'" the 
short wav<?length blue and green portions of the sp«trum .lnd its mcreased 
po" er cap•b1hty. opened up broad new areas of •pphnhons. such as e-·, 
surgery. holography. and nuorescence 

Continued work on solid-state lasers soon led in qutck •uccess1on h> 
the demonstTahon of the first ronbnuously o~ubng sohd .. 1111' "1.<tr. u11-
hZJng a new la~r material. Ca \'JQ,:Nd, by L F Johnson. G D 8<)\'d, K 
Nao.sau, and R R Soden: and of the first connnuousl) ope,.nng ruby 
laser at hqu1d· nllrogen temperatures by D F Ntlson and \\' S Boyle 1· 

The nu,;,t important .1nd widely 11"-"<l conlinuuu~ d1clt'Ctnc solld·stale 
laser. u111l1111>\ a crystal of yttrium •lumlnum garnet (YAG) doped "'lh 
neodymium, was invented by J.E. Ceuste. II M Marcos and LG Van 
U1tcrt 111 t 964 11 This YAG laser cm1Ued up to ;c,cul hund~ watts of 
continuous 11gh1 power m the onfrarl'<l region (I Ob µm) and "'" "'de 
commcrci.11 apphcallon on machining and dnlhng [Fig ~ q 

The mmt cffietent of all dJelectnc ~hd·M•t• las.~. a holmium Ll><r 
J..nown a1 Alphabet Y AG (becauw 11 ll•d ~ own~ tltmffll) ~dded ii) 
dopant~ d unni; crystal growth), (lpt'rJtl'<I al hqu1d ,;.troi;<n l<mp.:ral\Un 
and cm11tcd radiation at 2. 1 µm It "•} rntruduc<J bv l~hn><ln, C.U..C. 
and V.1n Uttert on 1966" 

\Vh1h.' the power capaboht) of the«> "'lld·\lalt la><r> "as qu11e un· 
prt'S'1VC, lhc CO, S•'>·d!!.charge laser <lf C K N Paid. r•d1aung •t 10 b 
µm, ' "".,· '11 1t'<-' tin,~. th~ mo5't Jr.11n~\t1c irl tl'ml> ~,r P'"''cr caf'lbil1t\ '' :' 
(Sec P/1y<1raf Sorur,-. (19~5- 198(1). Chapl~r S. M'CUun I\') 

All •ll••l••< lrk 1'"'°"' wcr~ pumpt'Cl by ~\l~m~I h~hl S<>UI\<' >u<ll a. g ... 
dl•chnrgl' l,unp>. For improv,'Cl rcllnbihty for apph>.,tlllns 1n <lptt<ol rom· 
n·1\t11irnt1i>t'l t'I .,n~t J;it.l .,tur.'IH\..* ~y~tc n,\. 1.11\ ,all ·&o\1hJ ·\ldt,• l11'k.1r \ ... _..., Jt.....,,1rl'd 
II\ \vhld1 rtUI only llw la~•·r fll.l\<'thd but ••l•u lhf hj\hl ><>Ur<< lhdt rumps 
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Fi~ .& I A h.i.d°' ·p.1~n ~d) AC Lt'<t bum1n1; ~ hvleo tn .1 ~lcxJ,, of 'k-ood.. This 1964 
lnftO\.ITK!ft t·rr.Jr•t"J up to W'\rr.al hunJn.d ¥.~It\ vf cunrinuuu' bl;ht po\,·tt in the anfrar...-d ··-

thl' 1.t...,r \\otild be soltd sl.tte F \\ O.tenne1·er succeeded in des1grung 
th« fi,..,t 'u.:h de\ICt'. a connnuously operahn.g. room·temperarure Y AG 
lawr pumpo:d b' LEDs" Ho" e'er. th1; arrangement was later supplanted 
b\ the 'lnlcrurally simpler senuconductor laser d1scu~ below 

\\'htle dirlerent lasers could be made to operate at a variety of discrete 
"avelt'n);ths. a number of new technique<. were developed to obtain tunable 
coherent rad1ahon with the qualilit'S of laser hght These techniques in· 
\l.>hed nonlinear optical effects and mcludt.'d optical second harmonic 
generation. opbcal parametnc osolla11on, and shmulated Raman oscillanon 
Amvn~ &IJ Laboratones contnbutions were (I) the mtroduction o( the 
cun,cpt ul phaw matchmg. which mal.e~ ~"ble practical nonlinear m· 
lt-ractiun' •• ,. (2) lhe first succ""5ful <>pt'rahOn of pubed" and continuous,. 
1•pucal parametnc osalla1or.;: and (3) the concept and unplementauon of 
lht' 'P'n fup Raman I.her, "h1ch '"" 1unable over \\1de regions of the 
1ntrar..J fX>r1n>n of tht> spectrum "' Th" runab1hty of coherent optical sources 
"•' p.'r<el\..d Jt the tune 10 be of potl'nllal mt"r""I for a broad range 
ol apphcauons mcludm~ opocal commun1cauons and high-resolution 
>f""lr"''"'P~ Tunable lasers were •ctualh· u-.ed in air pullubon morutor­
m1;. :1 but oth""'"" did not find commerClal apphc•bons 

C.-u'lc 11. J Levmswm. S Singh. R C Snu1h. Jnd Van U1tert" succeeded 
1n J"' duping the first pracbcal suhd ·~tat._.1.-er MJurce tn the ''lSible region 
D\ wcund harmonir generabon of 1he YAC laser (Fig. 4·2) Conversion 
t1• "''ble "u1pu1 was based on 1h~ dl•velopment and understanding of 
nunlml'Jr uphcal matenals •uch as banum !>O<!Jum n1obate and l11hrum 
n1ubJt.: :• 

ft•r dl"<lronic appllcauons. a compac1 p·n 1unct1on device convemng 
d1"<lncal •·n.,r1n dJiectly mto opbcal ent>rgy 1s most desirable. In the rrud· 



Oplltal Drorus 

Fi,.; • ·l s Stng.h Obw.."1"1n- ttft"ttl h~t ~eoncntfd ... ~ todM:t ra.e.•r ma Uw­
U'l\'t~1b1~ hght output uf •n 1',;d "r AG 1...., 

1950s, at was recogn111:d thnt compounds made from elenwnt> m columns 
Ill and V of the period ic chart (111-V compounds) hl\e "nul~r stNctural 
and chem ical propcrtl~ to those of gennaruum and "!icon "''th the •dded 
capability or hght genNatron by rachahve eleruon·hole f<'Combuwoon 
Attl'ntron was r<>CU'l>d espcaally on the compound 1tallrum pho.plud• 
(CaP). 'mce rt wa~ known that thrs maten.1 could pottnholl\ i:ma-•t .. 
hght m th.- wa' dcnsth range corresponding to th• ~ •nd '1ttn p.an> 
of the v"rble Spl>ctrum From the lat.- 1950. •nd thrw~h tl\l" 19bl'- tlw 
)Crcnhsts of the ""'carch area thoroughlv m\l~h~h.-d thi' INh:NI ~ 
laid the foundation of an LED device technulop· Thr> '""\. "' dtu.rl«l 
rn other volume' rn thr<; "'""' >Ubl•tll'<l Plr~""' s"'""' 11925-J•~· pp 
87-90 .lntl 4 28 ·430, alld Corr11rrur11(allor1s Scrtrrrt; 11915-1 GoOI, Ch.tpitJ 7 
section 2.4. 

Significant ad,•ancc~ W<'n' made in the mid 19!>0> 111 thr und~f't.indmi: 
of the phy<.10 or raJ1,lh\ .. ""'umhmahc.m" •nd "'th• bquad rta.a. .... ~""] 
growth of efficient hi;ht cmitnng 1unct1ons 111 C..r m"r•ls a..· P-n runcuon 
ep1tax1al crv,ta\~ w~rc mad<• to "11\rt both red and pttn ltolht u "''~ 
>Ullable for dt,plav apphcall\>n und~r normal 1llu11UNoon In th< C\'lUn<' 

of thl\ wori... II w~' d\·mon\tUt<'CI th~t the radr•h\< 111«Ji.iru,m '"'f"'l1.11'lc 
ftir l1gl'• ~t•1\,,.r.111,1rl ''''' tt\..J to .i t,(':t0a1 l\'f'' t•f dt:t''' "''f\t,1' •I \\hJ:Ch 
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f1~ 4 3 Thr ~""• P"K"" l>.lnJ 
&L.a,;r.am al .. ff'""'"''J ~wd r n runct1on ,ho .... 1n,.; 
~., rv.U s;;ar t.wi.lttOn •"" If.IP J•:Jfl'lln.A•N r•Ji.1 ~ 
'""' !S.-.dund Dnn. lt,1~r L"'"'"I 11..tt'l ( IV7o) 
,, I 

1111110111\ \Jm,·r. m1<'{i•-J J.-r1r-' 1lw p n 1unc11vn rN"1•mbme (F•S -I 3( 
I n,~·\t•nt~·r~ ,,,, . • ~~lt'('tl'C.101( (h.l\ 1n,; lhL• ~m\1 numb(>ruf \'..llcnct.1 electrons 
•' 1lw hu•t •h•m 1>r ,11om' th•I lh"I' rl'pl.11·1.'), 11nd lh<'y act a' tr.lp<i for 
mo•l,111· d1•rl'" curnc ..... pto\'ldtni; J c .. nkr for r.11h~11"" rl-c:ombination Th<? 
n,,,,t 1nlr~•rl1ln1 c.._i11tcf't Jn.- (I) ;.l n1trl>~t..·n 1mpunty ,,n ~l ph,~phon.a-. o.it'"-·· 
"hnh j;l\1'' n .. 1.- 111 i;r,,.,n lumtn1"><.cnn-.'' •nd (:?) .1 nl'~""' neighbor piur 
1•1 ""' .ind ''""l'''n •tum' on i;Jll111m .ind pho,photUJ> Sltl.'S r...Sf)('ChVt>ly, 
"ltu. fl J,r,Ju"'" r,:J ll1m1ni"'(t'nl·,. :v 

In th•• l.:<h· I 'l!tO,, tJ1l' worl. on LEP.. gr•du•lly muv<-d from r~-scarch 
mlo th1• d1•\ ··I< •pm1·nt .,.,. , ... hl'fl.' tlll" dti"'""" ur lx>th rt'd and grt>t>n 
J•·'l""' "., 'ul>o.tant1alh impr<1HoJ anJ wh,·rl.' • ma~s pr<>duction ll'ch • 
n.1i.~, "•~ J,·"·lop<oJ '"" l...lf);\' Jf\'• Mni,;l•··Cl)'•tal 'ub..trat<-S grown bv 
.i lui;h I'""''"'' hqu1J •-n~ar:-ulatu•n C to< hral,J.1 n1"thuJ Jt.'\ d••r<-d I>\ 
~ I II••• •nJ I' !'. 01111·rin I ngl.inJ': l\l"tl' u ... ·J hdurm dti(l•·nl 1un<1mn' 
t>1 .1 1w\\ l11~h r.1p.1c1t\ l1qu1d · ph.1w •·r11.1"al P"" '"''·" llll" hl'>t (omm,·r.,.ll 
•'J''J'lh.Jlltll\ ,it thl' lt"\.hOlt.JUit• 

At .11'uut th<' "'"'" um,· .... ,i..·" JI Mun...antu wboritlOnl"' round th.lt 
1h1• nttrv111·n dupmg thJI S""" nw tu ll""'" lumm1..,n•nre on GaP n')'~t .11' 
,1l>tt1 ,·11h\tr\1.''' r,.J lun\1nt~~ .. ·nt ~ft1cil·nc\ tn 1-.·m .. n· C.,.sA~1 .r. c:patax1al 
IJ\1"1'o ll'""" "' i;a- pha-..· ~pllJ'<~ " rh" tt..:hnolugv bt ... am" w1dt•I>· U'('d 
f,,, 11·J •nd )t•lluw l.H), while nlfn>gcn Jop.-J liquid pha~ ... "p1t.ixv Gtlr 
rt·n,.11n,.J rhl1 b\"' cill'Hct~ for );:ft't.'n 

I 
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Smi;l1• 1nd1cators (Fog 4·4(, 1llum1nators. numenc •nd alplunumenc 
d"pl•y'> Jnd uptocally coupled isolato~ were Jll plan-d m ~\t-.rem Bt<tn< 
manufacture rhcsc devices found wide Jppht•lll•R IR th• 0.:11 51,ltm dS 

rchabl,•. low·powt'r lamps and dJsplJys for con.,.,11-.. t• ... t p.intl,, and statton 
apparatu'> .• lnd as t>ffic1en1 low·nuiw couple" and 1wlatuB m '•""'" 
1ran'>m.-.,1on and switching ;ystcm'> (See al'><> '><-<tlon IV) 

Anothl.'r important member of the Ill V fom1ly ul cumpoundsos gallium 
Jr,cn1dc (GaA•) rho; matcna l g1Vt!S more cll1ncnt t'lt>ctrolum111ts<cnc~ 
th.in G.l l' bu t in the near infrared portion ol the spt'Ctrum. 1c ,at09 •m 
The rad1at1Vl' mcchanbm responsible fur hl)ht generation m thi< case do;.~ 
nut mvulv" the U'>l' u f special lYP"' ul impurotiv~ ••with GaP. but I'> based 
on direct rccumb1nJt1un ol electrons and holt"> 

ln 19&2, the process ol sem1cunJuctor 1unctoun lawr action on GaAs 
p n 1unct1<m' w,1; fil'>t rcaloLed Jt Gl'neral Elt'Ctnc Rt">tirch l..lbtora1oncs · 
Th" la"•r <tould upl'ratc only on a puht'<I mode tu ach"'" the ncci.'Ssan 
current dt•n'>lt) ro 1ncrea'>t' the performance ol ;uch ,.,.,rs. the •tnpe 
gcom1•tr)' r n 1unc11on laser was mH!nll'd bv 0 . K \\'ilwn for modeconlrol 
.ind b..•ttcr th.,rmal d1ss1pahon u In the lolh"""l: )t•~. cons1dtr•ble tffon 
wa' l'\p«nd•-d on improving tht' perlurmanct' ol thew lase~ b\ better 
heat "nk1ng and bv better mmontv earner cunfintmtnt 

A ma1or bn:.il.through was made b\• I Hayashi ~I 8 Pamsh. P \\ 
~oy • .\nd S Sumst..1. who used advanc1~ mJdc on hqu1d·phasc epitaxial 
growth o f lattocc·matched laycrs of 1;alhum aluminum arsenide on CaA!> 
to produn: .1 double-heterostructure laser tn which m1ecttod earners from 
a lorw1uJ biased p·n 1unct1on and hghl from thc clectrun hole rl'Combs· 

• 

"'l•ll 

\ I f i ~ 

I 
t f' 1\ ! 11 t.. 

I 1g 4 4 ~tu,•rnrit 1r uf '' typ\r.11 LLf) 11\1ht.ol'' lht Lfl> 
\ h\1• l"i UltHJnl\•d hl ""'"'~ti tilt• n\1;1~1 li:,,J~ llk.·1.:h •l'IJ L>l-.A. 
'l,\jllf '11111101~ V11 1.lt"• (l'f761 l\!l I 



F1=- 1. i; ">tnrt ~''OC\rln J.iuNr·t.:~tT\J,ltruclUttL La.wr. ,J\L,.,. 1ng the- p·t\ pe CaAs •<b"~ 
b l'f l-t .:nttuc• )wnd'"'1Chrd ~C'tn p· .. nd n~nl"t' La\t:r\ ('f JtAlbum •lummwn .lt'M'nllflk 

Thr ,..;d,th of ~tw IMJ\, ttpan en ¥1hkh 1.&W\~ o..:ai.n.,. (\Jfltn;ikJ tr\· thto ,g,tugor drvr"' 
thrw- Ll"rn .ttJ the-~ -.ld:h ~ D '°..u.IU\ C'~ lo ~ ('1.tfl'IS\lt•Ne 10 .a hl..~I "ldth 
1S tO .an• The tCT ot ttw Lawr h t....1nd.rd 10 • hr•I ...,,~ 

r\Jllvn "~rl.' b..>th •1mAmoJ m thl' !.lme thm .1Ctlv.: lan•r" Th..- ,,.,,ult w.i' 
a much lo""' cunent. calli.'d thrl':>hold curnmt at which laser action would 
'ommence. ri.'duc.oJ tcmp.'r•ture dependence; and h111her lasmg effiol'nC\' 
tlun m 1unctll>n la'''"' u'cd earlier Bv U>ms: .in a(ll\ c >tnpe I:? pm "1dc 
and h1 bondtni: the la.,..r tu • ~·pe llA diamond he•t sink. reproducible 
conrmuou> l.i'1ni; •t •nd aboH• room temperatur<' "•' ach1e•ed m 1970. 
L;a1cr 1mpru•i.'d >lnp .. S<'<>ml'tn doublt·hcter.,..tructun.' Ja...,rs operau~d 
""ll • J, mput cuncnt ul 100 nulli.tmpen.,, (mA) at 2 •<>lb(\') and producioJ 
.an 11t1tput of man1· m1ll1\\Jlh The \tructun• uf th" l.awr "shown tn Fig 
~ 5 Jnd rhe thr..-hold chara<tcn~tic m Fig 4 o 

A •en t...>1hcr-1>mc f1•Jturt• 11f lh<-.e early 1uncll(ln la"'"' wll.S dt'l,'l'Jdatfon 
ltf 1h,·1r light tlUIJ'Ut Junn~ u .. ._. tu a p<.1int v-1httrl .. 1he dev1ct~ bcc.Jm('t 

u•d.-., l'mi;rt'' '""•":!' lon)l ll'rm r~hab1llly wa' obt.iin<oJ bv ehnunatlll!! 
.ira1n "hich induu.J du,tt" uf d1slocallon~ dunni; la~mi; •• Oper.illon 
'"' l 00,000 hour'> at n>vm kmpt-rature wa' thus ach1c' ,..:i 1n lase"' 1n1t-ndt.J 
lur opt1c~I ... ummun1(Jt1on\ • 

Conhnut"d Jt\ 1·lupm,·nt of tlus lt'Chnul~y in a rdawd m.-.knal <y>tem 
!Indium ph..,..ph1d,·) n-.utr,.J m uth~r duublt'·ll\'ltr"'lructurt· l.lwr> thdt 
<>pl'r.lt<.J at'"" '"" <"\Jncnt• (It-., th.in zo; mA) .ind pn>Ju«-d f>O"<·r up 
1u lll m1lh.,•tt• (mWJ lh1~· d1°V1«.., "''"' <J)'.1\11,• .,f ttr<·r.itini; for up tu 
'JO\• m1lll\tn )\,1Ur1rt ,11 }(t ,t1·t,;ll't~ (. ('l'·\ · l'4•11tJll\ lt'Olj'4'f,1111Jt'J 11 rt.•ttu1tt.'llll'f)I 

f,,r th,~ir u ..... 1n ~uhn1,,r1111· , ,,hh•-, 
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In 1971. a h1stl·pul~· P°''\'t.'r ~•n~~·tran'\'°N tnN-.· dn.~n .... .S:lo ~cc. 
onstratt!'d in ,,·h1ch the 1.l-. .. ·r (J.\,t\ \\·a~ ~\er.al m,i,"1'\J(TW~cf' th;.,,.i. ..r.J 
\\

1hirll conta1n'-"d c-nt1c.l1 tll1clnt.'"'t'S uf t~\)n::t hJ\1n~ ,,,ntrvli,.J ~.JU\ u.J 
loSl. 10 SUppr"'~ h1i;h·urdvr modt>>" Th,.,,.. (J><:f> rl\>JU".J JO \•UIJ'Y! d 

O.S wall (\VJ in a 100 "·""'"'r<ind puls.> ih1> F'"'"" ""' u ... .J tvr micn•· 
nl,\Cllini tlg th11l fil1llt.. ln l\t~h r\.''llllution 1m.a~,··r~.:..1rJ.1n~ ~\\tc:m .. .l> J~ 
o.cribt.~d Ill st.>cl1on VI 

111 LIC HT-DEFLECTION ANO ·MOOULATIO'I DE\ ICl:.l> 

\\' hat(' ,,.l»r-l... 011 ,1111t1(.ll ">l"lurc...~ at Bt.-11 L1~1r.1t,,n~ )l.lrte'd ,-nl-.. 1n 1n.,; 
I.ill! 1950~. ,,.t,r~ '-'" til'\ llt.'") ,,, m4.ldu1J.t1.~ l~ht bt-Jrt\) J,at,, tl'\•r.i. lh.., nuJ 

l q 20-.. ' '' ht>n a no\"'' l1~h1 \ .il\ (' \\'J:. m' ~ntt<d thJt (\'\llJ 'J~ thl' in:l'n-'~!' 
of a light be.>m 1n dir~'t pwport1on to the '>tr•n~th ''' • nl<.Jul•t•.J rl"' inCJI 
curr~1'l Thi:, l1J;tlt v~ll,·c \\'.l~ th,• kt'\ contpl'llt:'l\I "''\''"!oJ". fl-1r n1,,t1 .. ~n 
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picture technology to emerge from silence m to the e ra of the talkies The 
oper•bng pnnople was b•sed on the mechanical motion o f an electncal 
conductor m a magnehc field An audio signal was first converted by a 
microphone to a modulated electrical current. The space between a pair 
o( parallel conduebng wires connected in series served as an optical slit 
that opened and dosed as the electncal current changed. The light valve. 
driven by this current. m tum modulated the intensity of a light beam 
that tllununated a tracl. on a movmg photographic film Upon development 
of the film, the sound track formed a perrnan~nt recording of the origi nal 
audio Mgnal 

Improvements to the design of this light va lve during the late 1920s 
and 1930• resuhed ma deVlce capable of modulating light at freque ncies 
covenng the full audio spectrum. Advantage was taken o f this high -fidelity 
capab1htv in the development of a stereophonic-sound film system that 
made 1t possible for th<' first time to produce a sound facsimile with concert· 
hall quality A detailed descnplion of this four-track sound film syste m 
was presented by Bell Laboratories in a series of seven papers at the joint 
meeting of the Acoustical Society of America and the Society o f Mo tion 
Picture Enginc .. r• tn the spnng of 1941." 

The success of the light valve's performance in this system appeared 
to mark the end of development in ught-valve technology. However, the 
end '-''a.$ onJ~· temporary. lot with the ir)v~ntion of th~ laser, new systenis 
concepl> emerged m the 1960s for usmg a laser benm in information 
storage svstems. graphics "nd \•isual display techniques, and broadband 
commun1ca11ons All of these applications required extremely hig h -speed 
light valves (modulators) and light-beam deflectors. The speeds rcquiied 
were, m fact. so high that they could not be achieved with any device, \ 
such as the ongmal light valve. that operated by mechanical mo tion o( 

ll' par1• 
61' lq62, cxpenrnents wer.• under way at 8~11 Llboratories that laid the 

foundation' fur modem el..:tro·optic modulator> und defl .. ctors (sec the 
cumpanllln Hlluml')Ubtitled P/1~s1ca/ Sl'ifllrl'S (1925-1980), p . 19 1). n,('Se 
modulatur., ,uc b,1,.;d on the .1pplication of an el<"ttric voltag<' to some 
typt>~ uf traMparent cry'tJb In <ome ca.es, this cau~es the velocity o f 
hi;ht thJt 1s hnearly polon1ed along .1 certain axis within the ~rystal to be 
chani;t-d whit., hi;ht that " pol,\M<t<>d orthug1m,1 ll y r<•ma ins un,1ff('cled 
Tht> .ipphcallon can bl• ust>d to build" light deflector. since the polarization 
of hsht at 45 degrees tu the a.is can be changed by 90 degrees. With 
>tandard ophcJI components, 11 is possible to deflect the rotated component 
of the IJscr beam into a different direction from the unrotJt~d con1pu 
ncnt . and make a two posit1u11 beam deOcctor or high-speed light valve 
(Fib ~ 7) 

Thi' concept wa> cxttnd•-d by T I Ndwn," who, by prop~rly cunn1."ct1ng 
and d1rnctlllg J l•>cr beam tltroui:h a series of 11 slrn pl" two-po>itlon bl.'am 
dcfl1•dor<>. produced a composite dcflcclor hnving 2" N~olvJblc vu tput 



Optical Dn11rts 

z 

POL.AAl.!CA 

~ObUC..Al1,,C. 
VOt r4Gl 
S<iff>Y 

l 

Fig o1 .7 Op11c t:imphtudt.• modulat10n Appbc.111lon or •n t-l«tnl 'o'UIYg•• lu 'num 
typn uf lr•n-.parent CT)"l.a1J 4llU\ttt 90-dt:ptt fu-t•hiVn of thr pl.ant'"' pt1Um~t....r\ U 
thr 1nnJen1 la');C'r be;arn .at .l r.tte llm1tf'd only by \~lt.1,stP •ppba:b"' l~t•.n JI\ u,,,,.. 
H••Jfk• ,1 ...! At«<h• •nd Shub Ouboo.• (1~721 706 J 

po!>tbon~. Models of such a composite scanner were made with 20 stagl ... 
that simulated an output array of 1024·by 1024 resolvable beam pcxinons 
As the number of stag~ of the compcx1tc electro-optic deOectur mcre~. 
so dtd the clectncal dnv<> power requirements and the upbeat quaL~ 
rtqulfemcnts of the ell-Ciro-optic ttystals S K Kurtz" ,11.,.,,.,J that tlw 
ulbmate hmtt in such an opbcal addn>ss1ng system can bl- dt:-.cnbed In • 
capacity ~!X'ed product. the magmrude of which mvol'I'!. matrnal constants 
and the electrical dnvc power. Since lthl're MC practical limits to the power 
that can be dissipated 111 buch a system, tn-deplh matenals studies and 
developments wen~ conducted that were aimed at produoni; • htgh-quaht\' 
aystal matcnal that l'xiub1ted an unusual!\· largeelectro·OpbC d(t.'ct l.Jtluum 
n1olr.iu.> and hth1um tan ta late, two vcrv u~ful man·made rn·,WJme mi· 

tenal~. evolved from th1' effort "" . 
An altcrnahve approach to light dcOectmn is acouMo optic .teOectwn 

tn which liy,ht 1s dtffrach:.t. ,,s tn • 11r•tmi;. bv the ~mU\l>IU•I rdractt•c 
indt:~ palt~rn produced by Jn ultra,ontc l\'J\e" (Fig • 81 nw delll'<ll•'" 
angl<> " changed bv ahcnn~ the fr~"luenc' ol the uhr•.,.ound In th1' u,.. 
the capac1ty·~pced pnxtucl " related ll> th1• frequ,·nt\ l>•nd.,·1Jth "'" 
which th<' dcOector tJn be OJ""r•tl>d lnt,·n"-llngt"· the lithium nll•l>•h· 
cry~t.:l I J lo,c.• ~xh1b11cd a vt.:"ry 1., rg(l pit~rc.K•l,•1. tnc t1ff l"'Ct 410,. \\ l'U .ii. ldr~t· JCL•U'>tt • 
op tic antcr~t t1on# makinH tht> 1natcrl~•I \ '('r\1 Ul'tc!ul 1n acou1i;ttl t>ptic d~' it'-"" 

Much of thl' initial worl. tn .11:ou~to-optlc tl,.'<lrv and mat1•n•l 1mpro•cm<'OL' 
is summan1ed by R \\I D"on," while the matenal P"'I"'"""' fl"qUtn.J 

for optimum pcrform.uln• of acou"\1 ophc J<Oectol'\ 1-.rc J,""1bl-d "' 
0 A 1>1nnc.l\V 4

• 

In 19C1C>, R. C LcCr.lw 111tnxtuC"<•d anutlwr cla'!I ol h1~h 'J'l'••d h};ht 
m~ul.Hors th.II llpl'rntcJ on th•· n'awwtll optic dicer "' (!>•·•· t1IM> Com 
mu111calrn11s S111•nr1·s 11~25 1980!, Ch.lpt..r 7, ~•'Ch<ln 4 2) 
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f,g .; 8 Att>\u,1u-opt1t dcOethon Tht" light ~am is d1ff"'ctcd. a5 
U1 J l,'filhn~ b\• thl· lilnlilollldll) modulilhOn u( the re(ri.lC-tlV~ lndt°" 
produc:c-d b\' 11n ul11.1wn1c \\'it\.'t" The dcOt'tnun ungl" i.'j chotn}~cd bv 
.aht·nns 1h1• frt"qu1·n,-, ut thl• ullro1suunJ I o,:ntun 1n Lu$tr llondboo>... 
,..i Arr<clu •nd 'ihul1 Oubul• (1~72) 720 I 

Acou.iu-opuc hght d~fll'Ctur> found application> in production systems 
thJt '~.innro IJ'><'r b~nms to accomplish varl\lus useful functions, >uch a> 
the )\<'n<'r•hon uf paltem m.1s~> for >1hcon int~grated circui ts" and the 
1n>p<'<'hon of th~ ma;kl. for dcfort> •: Jn •ddlt1tin, exploratory electro· 
opl!c Jnd Jcou>to uphc devict"' were d1•vdopcd for optical com mu nica tions. 
Th.,,,< dt•\"IC\'> were c.ip.ible of modulahng light bcJms with bandwidths 
up ltl St-:Vl•ral gJg.:tht.>rtl' •J 

IV. llGHT·DETECTION DEVICES 

Light detection d~v1n"' (ul fill o mimbl'r o( needs. Wiwtc >implc Jctcdurs 
.uc n,.,'(j,-d (for "'~mplc, an hghlw11v<· commun1r.11ton), ,1n individual point 

r 
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detector. >Uch as the photodiode. 1s used. In appltrahons such as optical 
memories, arrays of photodctectors of limited spabal rt'SOluhon are ade­
quate. For conversion of images into electrical signals. lugh-tt>SOluuon 
photodetection devices are required . 

Even before the mvention of the transistor. it w.as nonced that"""""'° 
biased metal-semicond uctor junchons were quite stns111ve to optical 11 
lummation. The advent or semiconductor p·n 1unchons made h1gh~n­
sitivity photodiodes possible. With proper design .ssenhall)' all 1nadent 
optical radiation can be absorbed w1tlun or close to the space charge !aver 
of these revcrsl.'-b1ased junctions. The photogenerated eleroon·hole pairs 
are then separated and collected as photocurrent aCTO!S the h1gh-fll'Ctnc· 
field region o( the junction 

Interest in the detection or high-speed laser .signals led R P Rlesz to 
develop fost photod1odes m the early 1960s." Small-area serruconductor 
p -n and p -i· n 1unction photodiodes as weU as metlketru<nnductor iunchon 
and point-contact photodiodes were fabncated fram both stlJCOn and ger­
manium from 1962 to 1966. These high-speed sillCOll and germaruum 
photodiodes had high light-collection efficiency throughout the \1Slble arul 
near infrared regions or the spectrum to 1.1 and I 6 pm. respero, ely !Fig 
4·9] The fastest of these photodiodes reached rise and fall nmes shoner 
than I 00 p icoseconds (psec). 

As an outgrowth of investigations of 11\e revene breakdcfuil dul\lc­
teristtcs of 1unction diodes, it was observed that high mtemal current g;un 
could be obtained in photodiodes operated near b-reakdown Under these 
cond111ons. the photogenerated electrons and holes gain suffiaent energy 
by moving through the high-field region of the 1unchon to ttlease an 
avalanche or electron-hole pairs through impact ioniziltion. ln many a5pec!S 
these avalanche photod1odes constitute a solid-state analog to the pho­
tomultiplier tube. 

A serious obsta.de to the use of avalanche photodJodes was the presence 
of llny localized regions or breakdown, calll'<I m'icroplasmas. m the p-n 
junction. These regions fluctuated off and on in a random way. producmg 
excess noise. Th~ first low-noise. ll\ieroplastna-fr...., avalanche pholodiode. 
suitabJ., for lL-.e as high-gain photodectors in an optiul transmJ5.ston>\'<tt'lll 
were made m 1964." Subsequently. avalanche photod.iodes found "1de 
application as hiAh· spcccl low-noise detectors m opll<aJ transmis>J<m 
systems.'\A 

An alternate approach to photodetectors "1th ~n is the pholotTanStS<or 
Its origin dates back tu 1949, when J. N Shive nottced the mfluene< of 
hght on the electrical cliaracteristics of the early germanium t:ransisior.. " 
In phototr.insistors, absorbed opttcal radJahon geneorates electron-hole p•1~. 
which a re th•n separ.1ted at the collector-base luncnon. thereby causing 
a current now into the base region Th1s base cunrent JS then amphfii.'d b\ 
the current gain ul th~ transistor. 
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I b:. '4 Iii Qr-·r.alK•n uf lht• k.J1d ~t•tir' rhott.J10Jt' I liAh \pttd tthcon 
• nd }t"Tfl'Nruum d•·\Kt~ hol\l' tu"h fOUl,lkln .-ff"1t"ncy lhmu&huut the 
\1>llllr •"J n~· .1r mlr .. 1,-J l•n>;<' l"t..·i~nrr•trd f'lntr1'" hctlt pa.an "'rt' 
~t•lrd •nJ c~1 • .J ., rf-.ut0tun.-n1 .t1T1J1M th«' tu~ c-Jtttnc 6t.'Jd 
fUN'bt.ln ·~ ) \tt"k htoc m Uw-r ll1JtJtvo.l ..J Arnch1 .and !;,hulz · 
Ou~lb ( IQ~2) ;;1 1 

A \l'r\ \'Jth •pphcJt1on ol an artJ\ ul photutran\l\lUf> to a card tr.1n~ 
IJtur"' "J,..,,nl'<'<l m Ch•pl••r 1 >l'\llon 2 I Arra~·, o( phototrans1~tor> 
hJ\\' cuntmui.'J 1n •pphc•11on~ a\ rtadou1 U•'"R"' in ~> >tems such•~ thi.' 
1·\1~·n1t\l'ntal h11lugraph1c upucal rri.'mnrv ')'•tt•m J•"•dup•'tl on thl' latr 
111(,(), " 

fh" dl" 1cn d,.,,cnbed so for are l'ltlwr 111d1vidual dctecton. or .irr.1y 
dl'ltcto" uf foulv bmited ,..,,.,1u11un fht• wrll ~nown v1dicon U)l'd 1n 
td1·11"on I) an cx.ampl" u( a la'!lc ·arl'a . h111h rt'!>oluhon dcv1ee n:quirl'd 
lur th1• tran'm'~''°" uf 1mJl\('S Cun1«nt1onal v1d1ron'> op•·r~w un iv OVl'r 
.1 lu·\,ll.J r.1n~l· vf h~ht le..·" c..•J<:. .ind c•nnut tvJc..•r.at,,. J1rl'<'t l')(~Urll to !iounltght 

' 
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To 0\'Crcome tlw;c shortcomings ror the l'IC ruRU'l IONi:· .... u.11 L~lt 
phone service, 1n 1967, a tc.im under E. I GorJon'• ltJJcr.h1p J .. -.·lo1•· J 
a camera tube whO">e 1magl'·'iensmg IJrget ((ln'l•ll'd uf .on •rray uf pl•r ... 1 

s1hcon photodt0dc> addrl'S-.t•d by a low·encri;y "anmng I'll'< Iron b<·•m" 
The target of such a silicon v1dicon consbted typtr•lly of a "hum w•frr 
2 centimeters (cm) 1n diameter containing about one hair m1lhon ph .. ru 
dtc>des on 15-µm centtr·to·center spacings The waler th1d.n1"' ,...., 15 
µm. Image hght incident on this. target lowcR'<I the vollagl' uf th1· mJ1\ldwl 
photodioJc>. which were reverse b1a.ed by the scaM1n.; dt ttun bt-•m 
The currl'nt needed for the recharging of l'ach pho1od1od•· du11ng tlu­
electron beam scanning cycle was a measure of the modcnt hght 1n11·n"tJ 
Succcsi.ful fabrication of thl">C silicon targets n>qwr.d l'~traordmanlv d••n 
processing f acihhes and proper gt>ttenng procedures to ehnunatl' ddect 
and to reduce dark currents In addition, a 14?$1.Stive layer had to be dl' 
velopcd to pu:v~nt space charge buildup from 1nterfenng with the 1oCannm1t 
electron beam (set> also Chapter 3. section VI) 

\\th1le the silicon camera tube combined the rehal,.hty and wnsan\lt) 
of a silicon integrated diode array wllh the low cost and "mplicit)· ol 
electron beam scanning. its operation still rl>qu1rcd a glass en,·etope Thi, 
hnutahon as avoided tn the charge-coupled dence (CCD) 1n\L-nted b\ 
Boyle and G. E. Smith 1n 1970, as described m detatl in Chapter 2. section 
6 .S of this volume This device led to many applic•tJtns. mcludmg lilltrs. 
card reader.;. pattern recogn1uon devices. and a cCllllpact all·whd~tall' 
camera In a CCO imaging de,~ce, the earners. which are exoted ophcally 
1n a siltCon wafer, arc stored as pacl-.cts of charge m potentJal wdls locawd 
undernc.llh biased electrodes. and mo' ed from one tl~ode to ad1acen1 
electr<>des towards a readout terminal by •ppropnatt pubing of the d<-C· 
trode potcnbals. Both hncar and two-d1mcnslonal CCO.. c.tn !>.• u.....J •• 
Image s<>nsors. While early CC[).. held R bits of ml<•rmabun. l•tcr Ian« 
;canners had up to 1700 dl'Ml'nb Two-dimt·n'lon.11 CCD.irr•1• pro,:r, ... -..J 
from 8 by 16 elements for the fi"t fea\lb1hty dcmc1nstrahun to a ~Pih 
by-500 sturogl' l'lcm~nt .ir.•a CCD •rr•V•, comb1m-d with culvr ·,pl1t1tn.: 
pnsrns. m,\dt· p<a<;slbk compact. hghh'l'l)\ht. hand hdd col"' td,•\l 
~•on c.1ml~ras ''1th a ..... •n\1h\.·11'· cc..'mp11r.,blt.• to Ct•mmt:rc1.,,1 '1Ji\,,J,, 
1r16 4 101 

All d1•tl>cturo, J1>euo,,.,d thu• f.ir r<-spc.ind tu a hm1tt-d r•ni:•· 1•1 vrll(JI 
wa"cll•ni;th~ In par11rut.u. they arl' m-.·n\lll\c in thr far mlra11.J ran~·· 
fc.>r ~>ml• app11c .. 1t1on~1 .. 1 dt.•lt.."Cllll that f'-""'i~>nd!t tt, .a11 1nad\·OI r.aJt.il1\1ll 

parhrul.irly in tht• mfror~d portion o( th~ 'J>l'Ctrum 1\1 f intcll"t A J"t" t"r 
bd-.:d on the pyrudcctrir <'ffoct fill• tht' n1•t-d Alth >Uj;h th" df,,1 h• 
iw<'n known >ann~ ~ncwnt hm•·•. 1t wa• n11t unul l'l"f.. "h•·n \ (, 
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fq: " 10 Trif.1.1'kllft :.1iawr-.a ,,_,.,th CCO mupng Mr•'- Th~ CCD •rr.ay cons&Sots o( 500 
b\ ~00 J-"'Kf\lrt" ~J<mm~ 

Chvnuweth invesngated 11 in detail, that the foundations were laid for its 
uw 1n hght detectors.•' A slTong pyroelectnc efft>ct is observed in certain 
forroclcctnc crystals, such as banum titanate, strontium barium niobate, 
and tnglvcenc sulfate, when these crystals are opera ted close to their Curie 
temperatures. In pyroelecmc detectors, opucal radiation is absorbed, pro­
duoni; a change m temperature, which, m tum, induces a change in 
polanutJon that IS sensed a;, an electncal signal Although pyroelectric 
dt·kctur. do not reach the detection sen>inv1nes of 5elT\lconductor detectors, 
thev haH· a broad Sp.!Clr•I response. e•tend1ng from the visible throughout 
tht• mfrart'd r~un. and proV!de high -speed response. 

\' OPTOISOLATORS 

Tht a\a1lab1hl\ of dfioeni LEO:. m th~ carly 19~0s led to a new pos· 
>1b1hl\ for electromc devices; a combmauon o( an LED and an efficient 
phutudell'ctur could pro,ide a means uf 1wlahng de potentials from ac 
"!Jnah Thi> function, which IS frequently necdl'd •~ electronic circuitry. 
had trad1t1onally bei!n performed with relays or transformers. The solid· 
•tat1· op101wlator IS smaller, lighter, and more rcliilble, and ultimately 
became le" c°"tly than the tradltJonal devices. 

The liT>t i.ohd ·state opto1solatot1> wert: made by coupling a GaP LED 
to a silicon '>Olar cell" usmg a low-melting point glass Subsequent devices 
U><'Ci LlDs made of GaP. Ga.As. GaAs1 .Pu or Ga, .Al,As, but all op10-
1>0l~tor.. uf mod•m de.ign use silicon photoconductors, Junction photo· 

L 
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f•.& 4-11 Ot.ag.nm of •.n optouobtor 111 • ~~pwlmd du» an 
hnt' ~tlagt> IStrgh. and Ot'.1n. l.Jght-£'1'1UJ1ng ()i .. Jr t Clt.-li6) 56)) 

diodes, or phototransistors as deiectors. [Fig 4 11) The coupling matenal 
is typically a tTansparent plastic. In all ca~. the Op!OISOlator must be 
followed by an amphlier stage, usually mtegrated mto a '1ngle package 
with the LED and photodetector. to compensate for the attenuation ~"een 
the LED input nnd the photodetector output 

The availab1hty of optoisolators led to ne1v freedom in rucu1t designs 
Ovtu1>0lators can be used to .,·01d ground loops 1n compln sn ems md 
to reduce no1w p1d.up. They resulted in lighter and more cump«t eqwp­
ment by eliminating the need for bulky ITansformers and relan 

VI. IMAGE OISPLA Y DEVICES 

For t~e penod of this history, the most unportant and durable 11\format>On 

d1~play deVlce for h1gh-dens1ty displays was the cathode ra\ tube 1n its 
many manifestations. These Include osolloscope d1Splays, computer al· 
phanumcrk dbplays, and telcvi~1on displays m both monochrome and 
color The awkward bun. of the cathode ra\· tube has led t<> numerous 
attempts to replace 1t 1-'lth solid state or othtr more compact di>pl•I' de-ice., 
but as of 1975, none had been successful 1n commeraal application for 
h1i;h· dcnsity d"plays. 

~cction II d"scrlbed the use of LEDs as indicators and 111 alphanumenc 
d1Splay• Th.- development of sophisticated l•~r technologl' •nd rolated 
light control d~v1c<'S m the 1960s led to the 1d" of U'11\); Ll>er-.ddressed 
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Ft~ 1 1: On.pliv '''"'lnn foi the pt01f'\.11un uf •n 1m•gt.• wnllt>n 
~ ~ lo.., J."'¥1.t"f lo1fot•f bt'•m on10 a •~·o~d1mttn~uln1l .,.tor;1~e me· 
d.ium u~ 41\ • (hdt- or lrAn'\parency 

light dcflecto~ fur graphics display apput'abons Attempts to use visiblt:' 
la-er<. chrecth lor dtl.plav ror example. by scanning a modulated laser 
beam ll\t.>r a 5attn to produce a VJdeo cmage--wh1le technically successful, 
pro' ed econorrucalh unattracuve and potenhally hatardous because of 
the high laser power rt'qU1n.'CI (on the order of I \V for each square meter 
ol <er<-...n area)•• A!. a r<'">uh attention tuml'd to a laser· addressed d1splav 
technol<>g) m which a deOected and mndulMl'd low-power l;><Pr beam 
"a' used tu wnte an image onto a two-d1men51onal storage medium that 
cuuld then serve •'a ~lide or transparency 1n a more or less conventional 
optical pro1ect1on >yMem •• !Fig. 4- 12] This approach takes advantage of 
the high re-;oluUon and fa~t wntmg capabilitv of J finely focused, rapidly 
deflected la,,.,r beam. while relying on .in efficient, bnght. and economical 
conH-nllonal lamp to pro\lde basic scret>n tllum1n,1t1on 

l'A~l :OC.V•"'•~(; Lll'w•<.I 
I.el$ \,l'-olAM CttA"!\ol Ct,H1lllll:.. 

!S•t..IC~'t IYAi,;all\Ci 0( Vt\.'C 

~Al.l.IV'-1 AR~l~iOl 
L..4SlM 

ll'-) A~O 
l llCt-0'-'(.CMA"tlCAL. 

...,._.,,... Oll~ lCJOllt 

••S\'U1t4 co• TlO 
f'Ol Yh~l" f IL"' 

I 1;· 4 IJ fJ11 .. tl' vi HH11~,. '''\01J111•~· uiilnR tl b1\mu1h rvtih·J pt1lyn1t1 film A (.,.,A, l.t'!t'r 
*' u .. 1·J 10 n1.a~h1n(• .i mhrvf1h11 1r.ant1p•11·n~y in the• hi1i1nu1h l•)'i·1 
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The key 10 the praclic.lhty of such •yslem~ was !he <tuf0)1•' m•'<hum. 
and '~vcral possib1hlll"> were 1nves11gall'd In one S)'>t~m. • HI\ Ihm 
coating o( bismuth on • transparent pulvmtt film ,..as 11..d ., .. lm.ii;n 
"'''re wnll<'n onto the film u;mg a scanning pul~ YAC or CaAs ~s.-r 
that loc•lly melted a succtw,s1on o( circular spots tn th• bJ,mu1h Surfact> 
1ens1011 in 1he liquid metal caused this hqu1d to ptle up •t !he edge o( the 
melted spo1, leaving a transp>rent hole In the b1smu1h M1crufilm ptctur..s 
built up by machining a successio:n of \Uch spots are ~muncnt. and 
suitable (or h1gh-spet'<I racs1rrule and relatl'd apphabon> (Fig 1·13) Sub­
sequently a number or r"""archers. pnmanl)· at th~ Ptuhrs Laboratunt.-. 
D1v1>1on of North Amencan Ph1hps Corpou11un. ha'~ madt thb lastt 
hole burning technique the basis or a h1gh-dens11ydata storogc u.<hnolog) 
(optical disk recording). m which the storage medium is a rutatmg dis~ 
covered with a thm laser machinable coaling 
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1\111•lh1·r •prro.i1h ""' 1'\ph11<.J an 1lw 1'.irlv 1117(1-.. ba .... .J on lh<.' un1qu1• 
l'"'I"''"'"' uf n•rt.un l1·rr1lo.·l1'Ctn.: n•r.1mu mat1•n.1I' 'u1h .i• l'b-bas1'Cl l.ln 
th.•num J1•p.oJ 11rc1>n,1tc 111.in,lft'S (1'1.71 ') In th1-...• m.111•n.ils. a than plak 
''t \l·r.in•1l \\J' \'l\Jll-.J \\'tlh tl th111 Jlhtllt'k.<Ultlltlll\\• film .1nd lr.:.n~p..in.•nt 
clntrvd1.., to fum1 J &1nd1\l<h ,tna.:turt• r.1ll1•d J forpac. whvsc optic.ii 
l'"'l"'rt"'' n>ulJ b,• 1.mcJ bv .1 nm1bm.111un ul 1ull.1>:•' .ind h~ht •' [fas 
4 141111 r.1rt1rul.1t 1f tht• li·l'Jll<' "·" '"'"'""'' walh J luw-power blue l.l'ier 
b1'olOI while .t p111c11IMI w.t~ .1pph1oJ ,1rm" Jh~ 1r,111~p.ircnt d~>tlrodc,.,, th1• 
.1J1l1t•"cJ r.·111111" frm>d<'Ctnc.1lly ,wlldi.•d It>,, dlfforl'nt. tl'Vcr.>ibl1· op11c.il 
,l,111", tin" prnv1d111i; cr,1,,;iblr 1m.1i;c 'turJi;<' vlt'w.ibl1• an prOJc>ctlon 

In \l'I .mo1h,•r .1pproach, J 1h111 liquid cry.ml l.ty<'r Wil> S"1ndw1ch1'Cl 
l-..·tw1•1·n tr.in'PM<'nt dLoetrod~ 'ub,tr.11<'\ •• JI'•); 4 151 The hqu1d-cc-y>l.il 
l.11·1·r (11ulJ l-1.• IL'<:.1111' thl'rrn•lll' 'wildwd from" ~t.1bll', lrJllSJ>"rent StJtt.' 
h• .>n <'JU·<lh 'tJl:>l<' l:>ut 1'ra-al:>l1· ""1fl1•nni: 'tJtc b1• th<' ht.'JI from " finely 
"" u-.-d lu" !'<'"" mfrdl\'d la.,..r beJm 01 thl' '" o t•oehnologies, the 

1&o•os. MU118ER S. R 

I S O I S 

-
- -

I 1~ .t l!i LlquW C'l)'titJl 1m.1jtt< 11otuf.i);'' A lt11\ ""'"'" 1nrr..l1l.-J 
1., .. ,., ,.,,1hh\"\ 1h~ l''l'ud lf't'11ot.al htm horu .. 11> l1ilil\• 1r.an .. r.1•\'t" 
1111111· h1 .i .. 1o1ht,• {hul ,•ro1-.;il,lt·) M..-lh•rin.,; .. 1_.1,• h • f 1•1 n\ "'" 1nu,t;t• 
In ,,.n,~ 1,J !.;:,ht 1ht• 1m.a~,, ... '' h1h ,10 t•l.•1 Ir. I Ii•\\\"\,., tn ,. 
f'h•jt"\h:J un.a;;t> lh.at UK~ 11 .. o .. n11lh."\I h~hl lln 1tn..a,.:1• , .. l•t.u.l. 
un "hilt' ...... tM.11 .. n in 1h1 h.h~~r,1uo.t ft\t ... ,,t,o I'''" II I I 
01 ti.ell 1011 I 
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liquid <·ry,1.11 uff ... red th~ l:h'.lll"l lung tenn prum11<: In p.in10Jur. hquiJ 
cryt.t.11 ' '''·'J~ 1 11s.; l'J'- ilttr,Jclavt• ,,1pp11LJl1on\ 1n -.l(1v. \c.in ,;r.apho J11pU\ 

~Y.,ll' Jt\' In wh1t:h l11~i1 rt.~'l1Jl1ur\ p1cturt"\ dfl· rt"'(L1n\tru<fn1 fur lt1'1"1f'V'"-" 
VU.'\Vlng ftt•rn cJ,Jl.1 '4'01 "'''"' t1rdtrto1ry ,.,., . ;:1•d1. 1-.('"Pht.-Ot' (Nnnt'l\ 
l'u"lbh· .1pph,.11111n' for 'uch •y•t•·m\ tncluJr r.-mo•·· t>uca .. -.rJ, lor 
•·duc,Jliun.i l purpo<,<·• •nd i:r•ph1~ t•·nn1rul• fo1 <""'!"'"'' •JTbc•b<Jn\ 

VII . Ol!VI CES I OR LIGllTWAVE (0'1\tli:O. ICATIO'S 

Much o f tlw work on 11p11c•I d•VI . ... hum lh• rr<•t111- •. cf tho U..-t 
m tlw '""IY 1960-. thr<>u!Vt the t·•rh· 1'17l.,., ,. .. , ditK«.J • ,..,J vr•<• 
Ct>n1n1un1l.lllt>I\~ .1pplt4.Jl1t,n't l hr "·.1 rwu\ l\pl"\ c•f Lawn mc:.Ju.U'-'UO 1nJ 

pl\oltxlclt.'(lt11""i dt."'("nb\..J .... , f 11r art• ~ t'\ t:Jt"'l'T\d\!i ,,( '~ h ~\ \..•1'1'fti f IL1" net 

wh.ll w,,, n ..... J ... d fur prJCllc•I •pph<0t1on• ol lhl> ,...._ck-IC• ' r<h.~ . 
'"4b, J rl.')1.1bl'-· 1r..t1,-.rn1\\1t1n mt.odium It "'\ ""1 until 1i.i;o 11\tw:n d.aM 
op111.il lib"r. rc.1dwd .in Jlknu•t"m of 20 dB p.-t hi..... .. ., 1JB11mt th.at 
t)pt1c ,,1 "''mn,unic.·J11'''~' ,~·,tt·m' ""'° thw,dtt t11 t... ttn it~ \f":~i:" ! f"'K' 
t1c.1l1t)' J·:num\tlll., ('f~tgft"\., \-..)\ m.ad,· tn th~ t'Arl\ )"ti"'- tn .:l"\.'!.:-an: !.tj(' 
,\ll<•nuatlun in .;l,1.,, fiht,ri;u1dn II.I • f"lnl "hrtr l.;J,.- <>I I I< n J8 1 m 
il d,·~rct.• ~1r tr-dtl,pJ rt.·n~· unhc."4td (,tf ht'tt!ofiA,'-bn:'~mr rJ11U""·:-trt" '\\&.!..._ 

(<Jnllnu<J de\ dllpmcnt ""'""'\\<ft l'l'du<.-.1 tv oo], • fr.t<'.lo:ln Qf • .!B 
km. 1hu1o. l'f)\'ntng th\.· , ... J\' f,,, n~.tti-rll"\-' tr.1n~'"tll tr~ c•t rr..L"l\ 

'""' uf k1lomctc,.., nu.,.., •thl~\\"""1\l> In """'~' t«hnol.'I:) '"'fiN 
\\ 1t}\ Cl1Uol11~• tOlprt. ..... ,I\ e t)Chl('\ l!'mt"nts tn tmrru\'\ni? thit f"'rll~ .&:\J 
~"••ndmg 1hc rd1•b1ht\' "! C.1A., JWlrn<WI Lb.'f """"'" ~!.:>!he rroqi;:...a 
that prJc-ttc .11 upt1('.tl commun•c.lhl."f\S. t'f 11.;,fh.a\ r "'-'.'mm:m>o. J.~Jru '~~~ 
W<'ll' l•'<hn1C•ll) lc.1,1bl,• For lh< ,....,..>r,h "''l"<''t>, 1 li~t .. ••~ cocr.:n: 
n1c,l t11..tn, $C~ Clliipt .. ·r 7 l1£ Ll'"t'"'lkr. t~.J::~·"" ~, < ,~~=>-:· .. Chl~r-~ 
t J, ..,~11l)n 11 t,f Pl11r1 .. 1t JI 5'. rr'J~.- .. tl 9~5 t .:a5 .inJ th\ ''", >c • ._ ' 1 c>.&tl\ "it:"" 
on h!\hlw." ,. l•..: hn"k'l\I' h\ ::- f \hll<r f A I \lu,•uli •<IJ l u" 

To t\."~l ll\f' ·'l-'t'l&l'Jbtllt\ ~'' lt~ht\\.l\\• ""~mmun.".11 -n .... , .._,,1TI,. en m 
l~rt)ffi.:c dt~lt,ll tn11ll.lf\~ 111 m~t•"•'"ltt,\n Jf\'.I."- • h.J,\h .. .J('lJ.t\ '"'i"". 
"''-''''''1 ~y~t..:01'' ''•''r,\t11\~ .tt -4 ~ m'-'~Jbat .. f' r ""''"''ftJ l \t~ ...._"'I 'n .i .. dn: ... r· ,-J 
''''"' ~l·t u•' ''' •''' ,.,,\ 1r\'''"'''''' "'l' r•\'1(h1n.-:., f1rlJ .. , .. \J r11.-.n' ..at •JM' .t'tiJ 
L\bur.llori, .... 1.1nht\' II\ ·\ll.1111.1 G'"'I):•• tn "''" 1--~ n.., 1 ....... nim 
pune11t' or ti\\' ,, •• 1,•111 \\ ..... ( ll .l :1~11\I '""l \hr.ih • .J •nJ !"•"" •rJ UH< 
\v l1i"t' ''"'' I 3 ,.,,, II\ "''·''"'''''' ,\nJ ,,~nt.\1n,'1 1-4-4 h~·f' ruL\.~ 1ru, •• r ... h 
•t.rnt.l.ihl uml••ri;ll>un,I ""' h lfl~ ~ -I ~I \1) • "''ll'•• \. •!Jt-slut'J ('.,. \ 1 ~· 
)\1 1\l"\l\tl' l>\'\'E Cr.t1\-.1\\ltt,•r \f1~ 4 17J .tf\,t {~) ,1 ht~h ~n'1h\\I' "1!h: .. •..n .l\.J 

l.1m Ill' ph<>h~h1,_l,• " "'''""' 11 t~ 4 I $1\\1th th,--. ..,.''I ''''"~""'1 i""~''~ 
l\\t.K.ll11t.·~ '''1't ''' '11\t l'\\• "''1l11lt'-'i t'\O llr(\llt ~'i>tJ" 1~~' 1h, 1 ,, 1tt1 't.anJ~rJ 
r1..•gt.'1'l'r.tt,)r "'1\.',' \r,,,,,,-, 5l' 1.tM 1,.11 tr J.n"n'l'"'''" 1, ...... ,,lUlJ ~· 1N1 :.at".J 1:' 
,,,, \)J'\t..•t.tlll'>-t l1~l\t\''•\\ ,, ' ' ,t,•tl\ \\1th 111\\ 1, .... , hl":l~\!k.1\·, 1n th\· ,.-1'1r tl~•~ 
t.1'1''~'' tr•' ''"'l,\t\•1,l 11\l'' r\'l"'i. ',tl\'I "l'·'' 1r'~' ,.,1 • l.m tn,-ui:h t,• 1n1tr\,1rtnt'l 
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Ft~ ~ lb &J"'nmcnuJ fih.:rgwd..-cablc.• \1essagl":> ,,.l"fl-! tr.uwnitted \ '1'1 pulses 
uf l~ht tn 14-t 6~ 1n thr 1976 field tna1 an .4.tlan1a Cecrrp• (Phys1C"S Today 
29 (\1a\ 1970) CQ\'t>r J 

I 1~ ~ 17 l)lr,-,,.tf)· rnodul,;itN C.11\~ l.i~r lf<l!l-iJ1Htt"r Of'\'J•UnJ; .at .. V\'ol \ ~·h·n a:;,th ~I 
, . ~~~ "'' " h~l light\\,.\\\" '"m~llUIUt".llhUl~ "fSh:m~ Th,• .l\t!f"olg\' '-'f!"IK."IJ P"l"C' v..i.s 0 s 
111\\ IU th~· hb\.·t~UW.I .. 

• 
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fig 4 · 18 S1hcon aval.:.nchC" photoduxSC" tc<"rt\C fur 1Jt,h1"'•'• romrnun.i.caDl.'f\) '''~~ 
\\'i1h .a,·t:rol~e opnc.il •nput powtr o( O; / to .. m\\ thu ~~•l>tt'm had .i bu l'mJf r.a..tt 
of onlv 10 · 

centTal offices in major metTopohtan areas ... ,th ,.,.... '"" and m mast 
cast:"S no, manhole repeaters. 

This experiment demonstrated that the p1oneenng wor~ CO\ ered m tlus 
chapter did indeed lay the loundatlon of a bg.htw.-e tec.hno!o:i:~· ;111table 
for practical transmission systems. Smee then. tlus technology has cononued 
to evolve at a very rapid rate. At th' time ol the pubbcaoon 01 tlus book. 
si ngle-mode systems ha\•e been tnstalled that offer repeattrles. •pans 01 

more than 30 km at data rates m .,_,~ ol 400 Mb/sec. m.arl.m£ th" 
bet;11•1•1ns of a ne,,· era ln transtnJ.ss1on technoiog\· 
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Chapter 5 

Magnetic Memories 

Magnttic memory dtvrus. developtd m tlrt 1950s and 19E05. IL'trt tlrt 
nramstay of tlit large-capacity memory ttchnology for tht Bell System 111to t/1r 
1970s. Tl1e ro11dom-access ferrite cort and furitr shret mtmorirs became im 
porta111 elemt11ts in early eltctronic swllching systems. A Btll Laboratorit~ 
11111011allo11. the twistor, improved memory inttgnty by storing information on 
perma11e11t-mag11et memory cards. Optrallng problems rtlattd to card lood111g 
wrre resolved m tlie piggyback twistor by wrapping the rquiv:lrnl of prnnanrnt 
magnets directly 011 tw1stor wire, prod11c111g a less bulky memory w1tli on-lrnt 
write capability. During the early 1970s, t/1e arrwal of magnetic bubble ttcli· 
nology. also developed at Btll Laboratorits, brought a sequt11tial rtaJout mtmory 
of high parkmg d"""Y wilhoui movins parts 

I. INTRODUCTION 

The memory function 1s not new to the telephone plant Jn the form 
of rela)• registers and wired translators, memory was u~ ~>earl\• ..,, tht> 
development of the panel central office 1n the 1920s The eltctrumechan1cal 
card transla!or used in the No 4 toll crossbar. de,eloped in ti.. lat• 1940>, 
was one of lhe first large-capacity memonl!S The need for lar~< memonl'> 
increased dramatically when solid·state digital compute~ b\'Came a\adable 
through rapid advanc~s in semiconductor technology in the latter hall uf 
the 1950> A flood of memory de .. 1ces qu1cl..ty emergl'd frum laboratonl'> 
throughout the world Quartz acoustic delav lines. lemtc co"''· femtc 
sheets, bamer-gnd c•thode·ray-tube-ba~.J ,'tor,'S. and i~agrtnc flat· film 
array~ '''ere cand1di'tt~ for read-\•lntc- d.11.i ~torage, ''h1I~ pht1tugraph1c 
store£. bils~d t.'>n cathod(' ray tubl?s, niagnct1\ drum~. pcrr1l.1nt:nt ma>;nt.•t 
tw1stor nll~n,orics. a1ld hard· ,,•ire-d fcrr1tc ct1re ::,tore5> '''l.'tt• r.inJ1dalt"\ fltr 
rcad ·only mcmont» (ROMs) For telephunc >witching •rr"""'""· th,..,.. 
developments Opi'ncd the door to stored program contn>I an appro;ich 

llJ 
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p~nn1111ng manv ne\' 1-i~r\'1ce offenng~ (5l'l' antJther vt,lunic 1n ths" !)i:ru.:~ 
sul>nllt'J S~·11rh1r1g T trlfli.•/1>gy cl 925-1 q;:;i, tor a compr.,h<·n~1ve d1scu'>~1un 
or "' uchins apphcanon'>) 

Th< foremost operah<mal rt>qu11cment> for telephon" "' llchmg syst<'ms 
are c-.·r.,mel1 lugh >'>lt'm inl"!;nl"Y and ava1lab1hty Perrni~1ble downt1m<>s 
Jt<' measur<'d in hou" pt>r ~O vears. a for more stnngent r••quirement than 
that for an\' general purpo>e computer Recovery from any system failure 
must t>.- S•.-ift. and at:><.olute m1egnt1· of the stored program must be mam­
tam<d Th...,.. fact= l..d to choJCes of memory t~hnolog1cs that often 
din<red lrom those taken b1 the <merging computt'r 1ndustrv. which em­
pha~11l'd perfonnance 01er rehabiht) 

The general-purpose computer systems that evolved 1n the late 1950s 
relied pnmanly on magnehc core or magncnc Ihm-film memones fo r 
··<;CTatchpad storage. on capacitor read 1>nly rontrol stores, and on ro tatmg 
magneuc disk and/or tape memones for backup storagt? Although the 
el..cmcal charactenslle> of early magnetic di.SI.. memone<. were adequate, 
the rehabwty of these memones did not meet the data integrity requ1rl'<l 
by electronic switching ;,y;,tems. so a different memory s trategy wt1s 
pu,..,ucd 

Stur<'d program control of telephone switching systems requires three 
classe• of data to be ret•med. (1) The master control p rogram consists of 
data that needs to be modified onl~ tu accommodate changes of the system 
resulung from growth different types of services, or corrt>cnon of e rrors 
(2) The translation data is made up of subscriber information. such as 
translatJon from directory nLLmber to <'qu1pment number. o r other spccial 
information ass0cta1ed \\Jth customer ;,enJCes; a small percentage of the 
rranslahon data JS chang<'d each day (3) lnformahon about each call must 
be retam..d temporanl\' while a call 1s m progress 

f:arf1 on. 11 was dl-Cldl'Cl that only two types of mcmones would be 
needed to handle the three classes of data a semipermanent memory to 
store the S\'Sterns program and the bulk of the transla tion information, 
and a !.Cratch pad memory to handll' call-progress and recent-update trans 
lat1on data The recent-update pomon of the scratchpad memory con tamed 
the da1h changes. •uch as changes of sub;cnber location or types of service 
The capacuy allocated to recent-change data depended on the frequ.,ncy 
at which the content' were transferred 10 the semipermanent memory. 

The detailed choice; of memory technology. module s11e. etc. W<·rc 
s11oni1h influenced b) esllmat..s of the requ11ed program >•.t<' and change 
fu:quenC\' For offices m the 10,000- 10 50.000-hne r.1ngc. the size of the 
progr.1m memory "•~ m1!1ally eshmatt'd ,11 I 0 x 10• to 2.5 X 10• b1h 
\\'1th an additional 10• tu 107 bits of scrmpermanen t memory needed for 
th<• tran,lat1on data Furtlwrmore, 40,000 tu 500,000 bit'> of scratchpad 
mt•mory could handle th,• call-in-progr.'ss information a~ wdl .1s any rt!c.:nt 
changi.'> m translabon data Re .. ision' to the program W<'ri.' projected per · 
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haps every 5 to 20 year.; /\s system development progre>$ed, howc,er. 
11 st>on was rcahl.ed that much larger program mcmones were ne..>ded and 
that the changes were much more frequenl than anllCIJl"lCd 

Although o ther material systems were studied as po>soble means ol 
providing the memory function,• the somphoty and low cost ol magnet" 
memories allowed them to dominate the field lor an e>.tended Jl"riod ol 
lime The developments at Bell Laboratories as described below fall onto 
three ca tegories: (I) the core and ferrite sheet memones that''""'<! as 
scratchpad memories; (2) the twistor memorit" that were pnrruonly us..'<! 
as semipermanent me mories; and (3) magnetic bubbles, with S<'liAl •cces• 
to data. which wcre functionally similar to cfu.k mcmonl'!. 

II. THE FERRITE CORE ANO FERRITE SHEET 

I. \"/. Forres1er ol the Massachusetts lns11tute of Technology 010 generally 
credited with the concept ol using magnetic cores "1th square loop mag· 
ne11zation ·dnve charactenshcs in comodenl·selecnon arrays to store binary 
information.' Devised in 1949, the concept was reduced to practice w11h 
mflallic cores; however. these wert quickly replaced by (emte cores 

The square loop charactenstoc, shown tn Fog. 5-1. omph.s tha1 the mag· 
ne11zauon B s witches from one slate to the other when a magnetic field 
H exceeding a cntical value is applied. Below this cnacal field the ongirol 
>t•t• rema ins unaffected. In a maim of magnetic cores threaded bv con-

~--11--~~~-r-~-· 
• 

. .. .. 
... 

Fig S·l . lnformJhon stor;asc In femtt air('.) (.a) Tht '""o s1.1bt~ suti:s l)f 1Ngr'\\1Jl.l.t10n 

(clock,vis(• •'"d counter-clock \\'ik) "no .issociatL-d .. , 1th lug1<".ll 1-. .and ~ R'S.pttU\ C'h (bJ Theo 
&q\l.i.re loop ch11racten.st1c 1nlpht-s th,,t 1ht rn.asnctlz:it1on 8 S\\'ltch.,"$ (1om. ~•nt ~ult 1.., lht 
Olhcr Stil IC Ul'l)' \\•h en lh\.• 111.1sn1.'llC fi~ld l'l ~\(\."\~ .l C'nhc~I \.Jfu,• 11m J...-rmll\ <VUtL'l<h·n1 
c:urr~1\t s1..•l\."Ct1on ~ J.S shu\ .. •n io F1~ur'\' 5-l 

• Nutc\vorthy al1crn;1h\'1...'$ \\'ere tk,~ b.lrn,•r·gnJ m<nu11) (• \A<vum·tu°t'c--Ni.ed 11.-ror'l'r.1.rY 
1ntmo r y ) .ind 1111..• nylftg ~pot !.lOfC (il JtlCITTOC)' U\ \\'hK"h 1.nf Dm'l.lbOf\ l> itot\"d IJlf\ phul"P°otpi11(' 

fil n1): ._,.,. Ctl.'lpt~r 9 o f Swrt•1101s T< .. 1111,dl"S'J tl9l5--JIJ;'5) :u'lod Ch.lpt .. ·r l ~ thfi. \ ._\lum< 
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du(turs as shown tn Fig. 5-~. an mdi•1dual core \\'lthin the matnx can 
~ xlttt~ b~ applymg cum"'"' sume"hai jx,Jo" the cnbcal ~ue to .-ach 
01 the rno "ires threadUlg that core The rt.>!.ulbng magnetic field will 
"''.....-d the cnbcal "alue onh· in th•t core .tnd dn' e the magnebzabon m 
one chr<"Cbun-for e"'1mple. clod.wise The !>elected core will switch if ti 
"~ pn:nou.h· magnenud counterclucl.•\l~e or remam unaffected if the 
pnur magne112.abon was clock\\l'C A ~nse "ire that threads all rhe cores 
ol the matn.• detects the prt?Sence or absence of switching. Since, dunng t 

a read operabon, a core is dnven to the O state. the readout is destructive 
01 course. had a I been read. that core had to be rewritten later if the 
tnformallon was to be retained 

Each of the selection W1fl'5 requ1rn appropnate decode and drive arcu1try 
to loc.ue an element from a memory addrE'SS The matrix organization 
m1nuru.ies the amount of control orcu1trv. so that many magnetic storage 
elem<nb an be ser\'ed b\' a few dn, e and selecbon orcwts Early magne!K 
memon..- used even more complex wmng than th.-.t shown in Fig 5-2 10 

mtnunue the control orcwrrv, which at the ume was relah\'ely expensive 
Generali\ , four wires threaded each core 

Dunns the penod of the early fmlte core work, the potential of a full> 
tran•~tonzed digital computer was recogni1ed, and in 1951 the Air Force 
tunded the trans1stonzed dignal computer (TRADIC) pro1ect at Bell l..Jb· 

t t~ 5 2 Scht>m•ht ~"IM,,,'1 r.allrlrl iJ(' CUlnttJ.-nt (Unt"nl 
<tirt' m11ln.ll A run-rtlt I tre•lfti • 1u.i~l1t'hl' f1t'ld 1n ,·)(('» 

1.•f tht' thr\_"huJd Appl) 1ng • currmt J/1. tv •n \ vr~ntt.-d 
and • \ ~·l"i"tut'd \\lrt' ~ill rriult 1n 1t1.- rhtr"lh,•IJ m•.:nct•(' 
ht.Id ~·tni; t·u,,,jrJ ut1I\ In 1h1 '''' "I th.- tllft·ht<hv.n uf 
lho'k l'f'IU '°'"'t 

I 
-
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uratones under the direction of ). H Felker (See another volume m th1S 
~enes subtitled National Serv1u m W2r and Ptact 11925-19751, Chapter 13. 
se<uon 2 2 3 and Chapter I, section? I of this volume.) The first TRADIC 
ro mp111Pr "'"" rnmpleted m 1954. It used quart> mulhfarPted delay lme. 
as its memory. 

Because of the more desU"able characterahcs of random-access memones 
(RAMs), m which the access time does not depend un the address of the 
data element being accessed, and following an article by ). A. Rajchman 
of RCA m June 1952.' a ferrite core memory develupment was included 
in the TRADIC project. 

In 1954, A. H . Bobeck' and E. F. Sartori' completed a fully transistonzed 
ferri te core memory system based on the General Ceramics 5·3 80-mil 
outside diameter, 50-mil 1ns1de diameter core This system, believed to be 
the first all-sohd-state memory constructed , u~d type 2008 high-power 
germanium sw1tch1ng ITansistors provided by the ~nuconductor de,,ce 
development group 

The memory system was word organized, that IS, mformabon was trans· 
milled as l 6·b1t words to and from the 256·bll core plane (Fig. 5-3} \\'ord 

• -. fl 
-~ 

~ • 
4 , 3· f 

~- l • • ,. .. 
1 

• 
<!' -

f ·~ '\ l l'hoh fKf•ll"ll \If ,\n t. ·.ttl, ~\1\ll . IJtnl t.Ul f\' IU 1.111,· n\.-ln\. rlJno u .... ..J 1n thl 

, ..• , 1, I H/\l l l(. n\ 1lu.1ry "un'P"''"' 
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cum>nt:s ol 0 175 ampere(A) were denvl'<l from a 1Tans151or-dn\'en magn<-oc 
Stl'pping s\\itch invented b\• M Karnaugh 'The tJme required to complere 
a read -wnte C\'d<! was 32 microseconds (µs). All log>c operations "ere 
t'<'rlt•nned u>ong magncbc techniques Besides rhe 256-bll cores used for 
rhe ><Tar<hpad memo'! , • source of constants requ1nng 160 add1t1ona 
memol'\ c.ir...s ""' also pro-.ded Fifty master program s1eps and ten 
.ubrounne >ll'f"' "ere pro,i ded by lhe magnehc switch. An a "erage po" er 
"'' 15 watt> \\JS consuml'<l b\• the sys1em. 

\:e\t Bobeck and E L \ounker. \vOrkmg with lntemational TelJ?meter 
Magneoc; of Caluom1a, de,eloped a 102+-word. l6·b1t/word transistor· 
dn' en core memo'!' for the ne,t-generarion computer, which was com­
pl<1.-d on !•Si" 

:0.1eanwhJJe. on a magne11c device group under D H . Looney, a1ten11on 
w.tS being 01r<cted 1o"ard the development of the femte shee1. The pnn­
Clpal ob1ect1\'e of the femte sheet was to permu the fabncatoon of man\ 
mem<ll'\' ce Is on a 'mgle part 10 simplify the mechanics of assembling 
memon module~ 

h might -m to have be.>n a str.11ghtforward process to replace mdJ_,dual 
'<'~by batch fabncat1on but this was not the case Numerous approaches 
'' ert: tned tl' 1ntegrJtft f«..·rnte core memories In add1t1on to the mult:I· 
•P"rtured lcmte shet'I adoptt>d 01 Bell wboratonl'S and Western Electnc 
..,., wdl as al RCA. there w"'" also attempts to embed the access and ~nse 
conductors wathm the fcmtc 1tsdf. Examples were the fcmte bead of 
wone,· and the fcmtt' sand1<~ch uf R. Shahbender at RCA." neither of 
"hJCh pro\L'd to be fl·asil>lc. 

The f<rn:e sheet was descn"bed by R H Meinken in 1956 • As seen in 

Fig 5-4 11 "•' a thin 'heet of manganese-magnesium femte (a square 
l"''P ft>mm•gn<'llC matenal) with 256 holes arranged in a I 6·by· I 6 matn• 
Th• l"mtt' tmm,>diatt'lv >urrounding a hole formed the equ1valen1 uf a 
''"Ill• core Four cunductvrs pasM.'<l 1hrough each hole to form what "•> 
k111J\\ll •> • 1hrte-d1men>1onal memory array One of thl' conductors. 
plat,'<! 1.1n 1hc •heet. connected the 2.56 cells on series The other three 
c1mductor> were wor~ threaded through sheets st•cked to form a memon· 
module (F1~ 5-51 

\ •nou> •pproaches were c'plored for ma kins femte sheN~ At first 
uhra!>Onotolll' dnlhng the necessary 256 hoil., 1n a postage·Stdmp-soie fcmte 
~l•b s1..,ml!d easiest This process. however. did not allow the properties 
'" the m~~n..;1um mangant-se femte to bl' locall\• tempered, so that the 
"'Itching ctuld b,, Umited to the femtc 1mmed1a1elv surrounding the hull' 
This temf"'nns wa> n1'1.'il<'il 10 isolate the mugne11c reversals uf on'1 holl' 
dnd prr\\'Mt 1t from affc-c-t1ng tht• ntagnetJc state of ano1her. E\·en1ua11,~ 

f<mle p<>1,de1 """ prll$ .. '<I onto fln•I form in J multJpost die, <1nd th,• 
tnt ... rac-t11.>n b...\t\\t.-Cn nl11ghbonng holt.'S \•la~ "'·ercomt· both b~· shl.'l'l pru· 
""'""!\ •nd urav \\ inng conAgurauun•. 
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rig 5.4 The (emte sheet, the building block of tht: fillt magnetic memory u~ c-xh:n.sJ\'t."ly 
'" 1ht· Bell Sys1em Each (emtt> sheet contained 256 holes ~lnd a pnnted cunductor It \\'as 
tl«tncolll)' l"'lu1v.,lent to" n\O)trix or 256 ind1v1dual fem1e cores wuh a conductor thJ('oldJng 

.lll rottS in sene-s. 

The ferrite sheet memory was read by current pulses of about 250 
milliamperes (mA) on each of two drive conductors (the X and Y address 
lines). The output from a coincidently accessed location storing a I was 
roughly a triangulM voltage pulse with a peak of 75 millivolts (mV) and 
a base of 0.9 µs. A 1 was written by applying current pulses of the opposite 
polarity to the same pair of conductors. To write a 0, the same procedure 
as writing a 1 was followed, except that an inhibit pulse was applied to 
a third conductor. The cycle time for this read-write sequence was 5.5 115. 
A broad operating temperature range of 0 to 55 degrees C was achieved. 
However, because the characteristics of ferrites change with ternperaturc, 
temperature-sensing circuits were needed to track drive current levels with 
temperature variation. 

Soon after Vice President ). A. Morton cornmitted the femte sheet 
(rather than cores) to the evolving electronic switching systems, the de­
velopmen t was transferred to the Allentown, Pennsylvania location where 
a joint Bell Laboratories· Western Electric team successfully intToduced the 
ferrite sheet into manufacture. The memory was first u»ed in the 1 ESS• 
and the 101 ESS electronic switches. For the smallest office, the I ESS clec· 
tronic switch call store contained four ferrite sheet memory mudul"" or­
ganized to store 8192 words, each 24 bits long.10 Multiple units wcrt• used 
in larger offices. Later, a different organization of this memory was also 
used in the early installations of the 2ESS electronic switch. 

Production of the ferrite sheet memory started at W.;stern Electric in 
1963. ln the same year, it was introduced in the first office using 10 I ESS 

• Tr•demark of AT&T Tc('hnologic~. Int: 
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F1~ 5·5 Tht• fcmte 'J.hett memorv . .'.IS used 1n JESS switching 
equ1pm,•n1 Ont• nK.ldul~ consl!lted of 12 blocks o( 16 sheets and 
.l ~p.lrc $.h-tt! l.>ch blod.shm-d 4096 bit:. Four modulei; cbmp..'M-<d 
.1 call ~to~ urganut'd ~ 8192 words of 24 bits. 

switching equipment in Coc<Ja Beach, Florida. followed in 1965 by the 
first office \\'1th I ESS ;w1tch1ng e<JUipmen t m Succasunna, New /erse}. 11 

It "•s used in all electronic switching '}'>tem offices until 1973, whe n It 
was replaced by the core memory descnbcd later m this s.,ctiun Nev ­
t'rtheless. as ol 1975, the lemle sheet memory was s till in manuf,1ctu re. 
smce 1t was ne<'ded for growth or older office> and other systems. 

The mtnns1c switching time of the ferrite in the ferrite sheet was about 
I µs Here. and throughout the industry, a more basic unde rs tanding of 
the sw1tch1ng process led 10 other material compositions with superior 
swuchmg properties However, u proved too difficult to introduce these 
new compositions into the ongoing lerritc sheet produc tion 

By 1972, a new ferntc core store architecture made possible the de­
velopment uf a call >lore with significa ntly improved pe rformance and 
lower p<!r-bll co>! than the lernte sheet s tore L'Ould offer. Jn this ml'mory 
organi1.at1on, tht> addn'Ss selection <Ind cotnndcnt -current read and wrilt! 
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op.:rJhun' madl· u>e of considerably more wmiconduclor crrcu111; than 
th•· forrHc •h•et memory. allowmi; an anay con;tructoon that 1equarl'd 
unh '" o w11e<; to threJd each memory core Thi; •nay grom.rrv. tugethtr 
with d••\dupments m ml'mory core rnanufacturf. handhnl!- and pl.ctment 
mad" 11 economical to de' dopa call •tor<> w1th a 1.-mtr ""' ""h an out<r 
d1am••l•'r ,mailer than the 25-mrl hole in th•• lemtc sht1:t 

fhc memory de<;ogned for the more advanc<'<I IA prtrce<wr cuMBted 
o( two 832·by·5 I 2 ma trice<; of magn<".>1um m•ngan<'W tmc ftml• Cllrh " 
A novd •«~smg scheme, employing mtcgrat•'<l orcult (IC) d1tld• array•. 
wa\ u;,•d to interlace the IC logic with the ccir• anay, wl•rnng and en· 
Ng111ng the appropnatc " ire•, and giving a 32.768-wurd by 26·b1t/word 
org.1ni1Jtion lf1g. 5-61 U.ed m a 24 -bit/word format, ••ch ol the """ 
mcmonc• superseded four of the 8192·"'llrd lt•mte •hrtt call stores in 

nc" offtco:> with 1 ESS sw11ching C<lu1pmcnl 
The comcodent dn,·e currents requ1rl'd for reading and wnung the core 

memory we1e 300 mA m each of h,·o windings The I output was a 'ohage 
pulse o( 30 mV. and the mmomum read·,.nte C\Cle llme "•s t 2 .s Read 
dCCt.~\ tame ,,·as 0 4S JtS The core memon '-''il) drs1gntd to operate an 
amb1~n1 trmperatures from 0 to 50 degtee. C 

The 1-.e' ad\ antages of tht5 memon· "Pre its high S!"'.d small S!Zt>, 

reduced <ost , and reduced power The store "U first placed in operatrnn 
on the Bell Sysoem m the Alton, nimotS office -.11h I ESS SMtclung "'lmpment 
on 1'172 I Fog 5· 7] The first offices wuh 4ESS sw11ch1ng equipment in 1976 
u.,cd the memory as part of the 1 A prcrc~sors emploHd 1n th~ svstems 

fh1't men'Or)' \\•as 1n use for onl}' a shon t1mt. ho\ .. e\er ~fort ad\·ances 

COAIS 

CER4AAIC· MOUNTlO 
IN\ t.\IHA I t.U \;l"CUI I 

,,,jot e, h Thlt 20A m,•mury n\OJ.ul(', \\'ht{h t\tnt.atn,'\.I 8~ 1 ~ti~ C\of\,,. \\11h tVIP"lfe't, lhtt.ldtod 
1hroU);h t.•.uJ\ c-.1r~ flor 1ncre.l,sed lun..-th..'n.al d~n~• I) !!<\"'"I 1n1,,.;r.atcd nrrul.l'i ~m lfdJ.nlrJ 
Of\ ,,.,,\fl\\!; \11\llS, ,,•h1ch tn h.al'I'\ \\en- ASM:f1\blt:J un " rnnh>J l"lf(\111 N\.'l.rJ The m~Juft" 
\'11'.I'\ ~1f~1\Ulll..'C.\ .)'o )2,768 "Ords uf 26 b1b 
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Ft~ :'i i f'h'-" Alll•n. llhnob vffi~ ,.( I ESS sw11ch1ng f."qUlpmcnt, 

lhl fir.I .. 1h• u!!Jnµ core "'i:mur;• module-. F1ve module!. c.in be 
St.,.,, n\l•untc.-J 'ctt1t .>U\ on the fint thrl'c l"qu1pmtnt (rilmes. 

1n IC' h!>Ulted in a ;1ruahon m whoch the cost o f interfacing s ilicon circuilT)' 
"1th the m•gnettc storage medium exceeded the cost of embedding semi­
conductor >tor•ge element~ within the ICs. Accordingly, magnetic RAMs 
in later-gencrahon switching ,y;tems were replaced by semiconductor 
mt.•mon~ 

ill THE TWISTOR 

The third magneuc memorv of ma1or importance lo electronic switching 
S\'>tcms wa> the twaslor. first described by Bobeck in 1957." The origin,11 
twi>tur concept made use 1lf the Wiedemann effect (the crea tion of rnag­
ncuc anisotropy by mechanic•! strain) lu create helica l magncliLalion in 
1nagn~l1c '''J!l' The rn·isted \Vires '''~re supported \•.'i thin gluss lubes. (Fif: 
5·8J An e11u1valenl geometry, a lhtn tape of Permalloy• (a magnetically 



233 

Fig ~-e E\penmtntA1 1"1.J10f mtm0ry •rr•v W'lth TIWPlfUC •lft\ \.lndft IOnlOl'I 
hl'U\C'd 1n glil'>S tUI~ 

pem,cablc 1ron· ni<kel allll)'l wrapp«l hehcallv around a copper Cl.>rt \\'1n>­
th~ l wisto r wire-was m<irc rcadilv reduced to practice (F1~ 5·•] \5«' 
,,1~.,, anll tl1cr \ '01u111t> 111 this scne-s !'ubbtled PJiv~icat St1r11(t" f1,l5-J9SOJ. 
C h.1pter 12, ""ctlon 1.1 2.) Sm~ll rt'j;111ns of the l'«m•allol' IJJX' ~f\cd as 
nwmory ..-ells, and the copper core wire acted as both a M:nsc """ Jnd 
an ~C(C•s wir(', A sin~lc·tum stnp oonductorsolcnmdor a multirum wll'flOKl 
cnc1rcli1\J; the t\\"1st (>r \\'lrt-s U\ J.1'1 cirtho~t>n.ll oncnt..ltrl'n ..:untf'lct,.J thl' 
>t'lt•c ti\lll n\i\lf1\, rl'll" t\\1iSlt>r \\'.lS first t)perJtl"CI JC\ J '\\·ord (lt~,\ntzt-d Jt• 
s.t rue t t\'e rc.1d \ )ll t n,.._.,,,~ 'rv . f\.ll\)\\'n J!' tl1c.• ,. anJ.blc ,,.,.'15otor m\'ml11"\ , 11 \\ ias 
\.l t..t..•d •11 t111lit ._1 ry ~~·,lt,.'11\S. • • 

·r,v1tit l1r n ·ll' Tl1t>f)' pllln\'!> \\'CTl' '''ord llrgdn\11.od Gener.ill\ the t\l'l"l''' 
\v1r~' fl11)Ct1c111l•d 11!'! ti''' bit l1nt.'S a11J tl1e ortt1ogunal dn,·t.• cundu..:-tl*D :t) 
t hl• '"'t.)rd 1inl"~ To \\t r1tc i'I l \ '\Jrd into the 'Jr111ble l\l 1~tor m\.'mur'\ rht.· 
aJdr\.""SSCd \.Vc>rd li1\C ,,nJ .bl'h.'Ctl--d l,,·1stvr bit hnt.'3 ,,~\'rt" Jn,,·n tn C\'llnn 

dt•ncci Tll rc,1d J \vord. l\lJ\\l\IVl'r, tl'l' ,v,1rd l1n1.• ''.i<i c.1mplv O\erdn,l1n 
\Vitl1 '-'current pul::i~ of thCt oppositt.· p<'lllrit\' Tht¥.e i;.cct1f\ni.. u( tl1l' t,,.l.,!1,.1r 
\Vl fl'~ th.lt did S\'lo'it f l\ ( 1.c .. .bt\)nos; 1 ~) lndu\ed ,-,llta~\· ,1~-n.1!1. tholt tr.i\ l·ltd 
ti\\' ' ''11)\th or 111' twl~tor wire to ~""'" <h<llltl'\' (Fl~ ~ 101 r11llt•h1n~. 
f\"ld O(lcr,1 ti<.)l\, lhc mas11,•ti1.tt1(>1l tl( 'il'bOlt'lltA \If 1tl! lhl' t\l1,tvr \-. 1rt ... U'\ 

~1rt.>xl11'''>' ''> ti,,~ cr1crp,\1"1d \Vord lh1t.• ' '"l' h.•(1 1n th-.~ U ~fJh.• 
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r1~ ; ~ Th, tv.1,1111 \\'lfl.' {Ul\ ... l\llll~ of .. coppt..'r "'ltl' h,•hc;11llv \\'r.lpJ-14'.'d \\•tlh .:i 

thin f\orrn.illu\ t.af"I 

An •'•mp!< ol • \JnJb!c t•"Stor memon module 1s the 512-word 
:4 bat/"vrd G5-5955b 't<•rai;" r<>g1ster des1i;nt>d for Nik(' Zeu; computers 
The m<rnc>n unu cont.itnl-J 30 twastor wues. pa1r<>d with copper " 'ires of 
th<" ;Jm< dumetd •n••'l·d an "1\'lar" to form a bdt A J Munn designed 
a machmr to fabncate 1h1' b<'h 1n a conunuou' upt>ra11on, actualiy buildJng 
th<' machine an a shop h<' had"'' up 111 has garag~. This timely e<>ntribution 
"•'a crucial element 111 m.1kmg twistor mcmories co~t effective. Included 
"' p.lrt of tlw memury unit ''a> .i plane of 5 12 lorg{' diameter ferrite cort>•, 
l'd<h of '' h1ch "•> cuupl<"d tu a wurd ace~> winding that w rapped the 
b.-h The cur...,, c.m>htut<od a comad•nt-curr•nt b1J'>(.>d-corc swatch by which 
.ice'"'' to the "ord lucahon' on the twastor belt was pro\"aded The entire 
un:: ".- <nca~ 1n a \lum.ial • bo• 10 shield u from stray magnetic 
ht•!d-. 

~;nee t.i~ r<adout 1n •II memonl'> descnbed '" far•~ destructi\'C, each 
read C\demu't be follu1 .. -d b1 a \\nt<cycle Becau"" 1111> mode o f operation 
<uuld ""'assure th< long ll'rm data 1ntegntl' rt'<Juir~d of a progtam s tu re. 
mt·mone~ \'1th nonde)truct1\ c rl.'adout \'1Cre prl'fl"rrt:d ii> program store~ 

rh,• ~·tlUpl'nTIOn~nl m\'n'IOf) dt~\ ~loped f oJ 1..~h."\.llVI li1.. !>V.'it<. l11ng ~YSCl!n1!) 
u-.t·d ''''l)ti.>r \-\Jr~~ tu )Cn~ lhe pres~nce or db~enct." o( magnet1Lat1c1n of 
lln\ permln.,nt magn~1; Th< concept or >torini; information an an arrJ\ 
ol p.-rman•nr m•gn•I> wa; ad,·anced bv ~ M Shack"!! a professor al 
"'"' '""' l!h!JtUt< of T<ehnuloi:1 "ho worked part hme at Bell l..lboratones • 
lh,· ~rmlnent m•i;net th1>1or configurauon wa' >UAA<..,ti.>d by I Janik. 
Jr "ho \\a; lam1h•r \\llh th< Shackell schem• 
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The structure of the memory is shown schematically in Fig. 5-11. The 
small pennanent magnets storing the information are carried on aluminum 
cards inserted mto the memory. 111• [Fig. 5 -12] An unmagnetized magnet 
allows s\\1tchmg of the nearby twistor wire and represents a stored I, 
whereas a magnetized magnet tnhibits switching and thus represents a 
stored 0 The condition of a magnet is interrogated by a current pulse in 
the appropriate copper solenoid. The memory is word organized, and 
current applied to any solenoid will read out in parallel the information 
~tort'd m the magnec.s over each o ( the l\vistor \Virl"s associatt!d \Vith the 
selected solenoid Random access to words is achieved with a biased-core 
switch matrix that selects a single solenoid for any combination of X and 
Y diives 

Construction of a module requfred a belt of 44 twistor wires and 44 
copper return wires embedded between sheets of Mylar. After the copper 
stnp >0lenoid tapes were cemented to 64 glass-bonded mica support planes. 
the 1W1Stor belt, aligned perpendicular to the solenoids, was a ttached . The 
plane. attached to the belt were then folded into a module, leaving space 
between the planes for the mserbon of cards that ca rried the permanent 
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1·1~ S 11 Sch,•n\1UK' of th.I." .M:m1pcrm11ncnt l \'ll5hJr n1cnu>ry 1\n un1nagn\'t1L.l'd nl41s,nc1 
'"Pfl-wnt1' • )lon.-d 0, -'nd ,, m.>t;n1:ht.l.J nu1igncl represl'nts .t ),lor<.•d I Tile <<>nd1l1tJll 1.>I 
tht• n1oign1:t •-> M.'ll\\.-d by"' C'Vrttfll 1n th•• copper 'iolcno1d TI1li. n\crnory c.111 be n,:.ld Jn 
unhmth.<J nu1nbt-r ol 11n1~-,. \\'llhool dc.-tlrO)'lng lhc ),fUrt."tf tnldrOl.llion fSt.smm~tjl1hn , 
II rf l11rri, Commun lltc1r11n, 83 (1964): ffl7.) 
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Fig 5· 1 2. Tht atumJnum m•gnet atd. "'' h.IC"h c•mtd a.n 1n.ay of 
2816 1nform•tion b.r m•gne~ -'t'ld •double- s.tnpt of uu~wlwtig 
magnet.i; A ''"'l.StOT SIOTt' COO$iSl't'd of 16 modula ol 12'& <'•I~ c•ch. 
"'" ~lec;1ron1c s,,.;t,h1ng S)'Slcm «ntral ofhu contJtntd 1"1.t to m 
$t()f'C'~ 
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magnets conta1n1ng the 1nforma1u.>n Secau::ie O\.,er 152; f"'"'t of t\\l~tor 
,,·ire \vas '''rapped i1l one operation .• lnd belts over 700 it'L1t lt1ng (~nlJugh 
(or seve1l memor~· nlodules) '''ere laminated tn oni: run, tht• ri'Sult \\.l.S a 
lo,v..-cost men10r\' . 

' 
The biased·core access arra~· that pro\·1ded the- \\'Ord selection rurrt.•nts 

(or the t\\'lStor menlory \lSed a de bi.1s current to maintam all ron-s at 
nl,1grletic saturat1011 T\\'O orthogt)nat dn\'l' '''tndtng~. \Vht>n t'nt'r&ttt-d. 
S\Vitched the core at the intersection ()f those \\'tnd1ng!.. tht<rt.•bv 1nducin~ 
currer\I 111 lh<? \vord !in~ \\lhen the dnves were remoh'<I lhe d r bias 
current \vould reS\Vltch th~ scl('Ct1..i.d corl;!. Th\l'Se dn\'e ''1nd1n~s l"JCh r~­
qu1red 2 .5 anlpere-tums of dnvc to O\'Crcon1e th~ de- bi.is and S.\\lt\h thl' 
selected core. 

Ttle nor1i1nal output from th(' t,,~1stor b1• hn~ \\'d.S 2 5 m\' across a 300· 
ohm nenr·end tenninatt11g resistor. The max.1mum s1sna11ran~miss101\ dela\' 
from the shor1ed for end of tho 1:>11 ~n~ poir to the neor end • distanco 
of so1lic 70 ft?ct. '''as about 200 t'lan<)S\'conds (ns) The rl.'ad cycli..' tin\e 
was 5.5 µs . 
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Each permanent-magnet t"~stor module contained 360,448 bits orga­
nized as 4096 words or 88 bots each, requiring 128 magnet cards. In I ESS 
electronic sw1tches. the program store contained I 6 modules arranged in 
a 4-b\' -l array. The average office contained seven program stores, for a 
total capacity or about 40 rru.lbon bits 

The cards contairung the permanent magnets had to be removed from 
the memory to be wntten Smee the energy required to write the card­
i ~ 10 Change the magneD2ilhOn of the permanent magnets-was large 
compared to the energy that could be pro,~ded by the memory-module 
access arcu1try, the stored informauon was secure, as requtred for the 
program memory 

To wnte and load cards exped1bously into a program store required 
two add1honal pieces or equipment-a card loader and a card writer. The 
card loader was an electncally dnven magazine that could extract or msert 
128 cards simultaneousll• in a memory module. This operation took about 
on~ minute The card wnter was operated either from magnetic tape or 
from J remote location \ ' la data link. It magnetized or demagnetized the 
small magnets on the cards 

Permanent magnet tw1stor memories were first installed in the Cocoa 
S..ach office with I 01 ESS electronic switching equipment in I 963 and in 
the Succasunna office with 1 ESS electronic switching equipment in 1965. 
l"•s 5- t 3J Th~ fil"SI mPmonP< WP1'P manufactured at the Columbus. Oluo 
lucallon of Western Electric 1n 1963 and were still being manufactured 
for new offices with IESS electronoc switching equipment in 1975. More 
than 100,000 units were produced 

It became apparent that the program memory requtred far more frequent 
changes than uutrnlly annapated, and the operating compleJCJbes arismg 
rrom card handhng prompted the de\•elopment of an electncaUy changeable 
prosram store This store, the piggvback twistor, •vas first descnbed m a 
pa lent chsclusure by W A Barrett in I 962 ,. Jn this memory, a high· 
c~1c1\lt) m.-.gnettc stOrage tape was wrapped barber· pole fashion on a 
c~ntral conductor along with a second, low<oerov11y sensor tape 1• 1• (Fig 
5· 14] Th• name p1ggyba•k twostor d~n't!> from 1h1> geometry. The high · 
1:oerc1\'1h• tape pn:l\'1ded tht• function of the magnet card but w11h an 
1mportJnt d1i.hnctlon Data could be entered usmg much the "'1me acet>» 
arnutn air.ad)· m phlCe to provtde the sensing (read) operation A major 
problem whed m reducing this idea to practice wa> that of simultaneously 
IH•ppmg two d1ss1milar magnet11: tap<.-s on the copper core w1re at high 
!>!"'ed A second ma1or problem soll'ed was the devt!IOpmo.'nt of a non­
mJgnctO>tnctl\'e magnetic alloy for the storage tape m this memory An 
1rnn•cobalt·gold alloy with a square loop characteristic wa, found to be 
>Ult able 

In tlw P•AAYbJlk twl>tor men1ori~1. th~ twi>tor Wll'l'io were cmbl'<.ld«d 
"'pat<) 1n • pla~t1c twit Ag•m. roppcr wleno1d >trap1 '''ere folded around 



f1~ 5 tl P«"!V~rn ~l''ff' ol I.hf'~~ 'r- kntt dtcut0: 
~",tchtng ,.,..,.,,.m ti l'flo.t \1''''° th•n 5 million t-o.ts of 1.-\fcr::w:ion -.r.T 

~torc."Ci 1n lb moduh_"\ ,11 ~ntnt•ffWP"d ~u;.;.• ~ 

the tw1stor belt. The belt 3nd solenoid arrays wett folded an •n •<tt>nlxm 
fashion. and the solenoids were connected to• bwed·coro Ktt!.> sw1:d> 
matnx Belt lam1natton and assembly were far less mbC1l than m the 
permanent magnet t"~stor, since there was no reqwmnmt to "'l'P"" a.-.rl 
r"S'ster a magnet card 

The memory was "-ntten b)• the comodenct' of curmns m the "'ord 
solenoid and the tw1stor '"re Dunng readmg. the "ord solenoid "''U 

energ1zed at a low current level Consequently. tt•d optr.i:1ons dJd no: 
affect the stored mformauon. However. a wnte oper.i1on. 1f seneratl'd m 
error. could still dlSturb the stored infonnauon A m•1or rontnbut10n m 
store design for the piggyback twistor was the dO\'tlopment ol •n •rfKtl\t 

method for preventing unwonted wnte operations m cemin protenod 
nreos of the store 

The piggybad. twlStor memory had a biased-rott •CC'OSS autn>. suiuW 
to the permanent-magnet t"~stor memory The smgl•·tum btl.s "indmg 
earned 3.9 A of conttnuous current For readmg. •Kh ,.. . .,.rum ~ 
winding was dnven "~th I ~S A induong • re•d currtnt of I S Am the 
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F1j; ~ J4 A cWup uf 1h~ ptgg) hacJ.. f\'l."'lslor showinit 1h~ two wpes thilt ""·e-rt """r.lppt'd 
11n lht l.'.tipprr CUft' "°' U~ Jlt."nnii.llll\' wJt.11 w.td fur tht' Jnnt>r (s.eorwng) I.ape and "'n lron-cobll.fl~ 
).\old •Uuv fur lhl" oul<"r (~lora~t') u pc.• This- lancr alloy "'as t.J.ifUttd 10 r('la1n a square loop 
\·h.1r.icttntlll thruu~h 1he wr.iJ'P'ng proct"» 

solenoid word lme For wnhng. the access currents were increased to 2 
A. and a comodent current of 180 mA was unpressed on the bit lines. 
The bit hne current polanty d1sbnguished between wntmg a 0 or a I. 

Unhki' the perrnanent magnet twistor, both wifes that constituted a bit 
lme " 'ere wrapped with magnebc tape. significantly increasing the trans · 
mission delay of a readout and causing an output signal to take 720 ns 
to lra\'el 70 feet from one end of the bit line to the other. For this reason, 
the readout orcu1try bming was keyed to the memory address to com­
pens.11e for the dt5tance that the ouitpul had to tTavel along the bit line 
before It reached the .st'nsmg arcuil 

Th• I and 0 output signals from a piggyback twistor memory were of 
oppo~lle polanty, m contrast to those of other magnetic memories that 
differ only in output level. These bipoCar outputs simplified signal detection 
A won.t-ca!>e output could be as low as I rn V for a 200·ns duration, 
although u had lo be the eorrecl polarity for the preceding 75 ns. Theo 
piggyback tw1stor memory had a 6.3-µs read cycle time. A write cycle, 
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which occurred infrequently, took less than 20 I'S An attnbute of the 
piggyback twistor was the incorporahon of redundancy. The memCJry 
modules were built with 54 bits per word for an apphc.it1on requanng 
only 47 bits per word. This meant that defective bat lines could be replaced 
by spares either at the factory or in the field by a simple rewinngof ntemal 
tenmnals. 

The piggyback t'~1stor was used in the stored program control urut an 
the No 1 traffic servi.ce position system (TSPS) and m the electronic 
translator system for the No. 4 toll crossbar. ThJS store funeboned as both 
a program and a call store. The first memories were mstalled an the Mor­
nslown, New Jersey TSPS office in January 1969. 

Before the piggyback lwistor could find widespread apphubon, however, 
the reliability of rotating magnebc disks had improved, and they could 
be used in electronic switching systems as backup stattS. This now permitted 
programs to be stored in the scratchpad memory, since they could be 
rapidly reloaded from disk after a system failure. Thus, by the end of the 
period covered by this history, all magnetic memones discussed so far 
were being phased out of electronic switching eqwpmenl in f"'·or of serru­
conductor memories, augmented by magnetic disk mrmones 

IV. BUBBLE TECHNOLOGY 

\'Vhen magnetic tape is used to record audio or video signals. those 
signals correspond to the magnetization of particles on the tape. lnfonrabon 
ls impnnted (stored) on the tape as it moves at high velooty by a wntl'­
head, and as retrieved in much the same way. By rontrast, 111 a magneuc 
bubble memory chip, regions or reversed magnetiubOn (domains) are 
nucleated within a thin, single-crystal magnetic layer, and these regions 
are moved about within the magnetic layer•• 

Magnetic bubble domains, when viewed with a polarwng '"'=P"· 
appear as tiny circular dots. (Fig. 5· ISJ They are actually cylindnc•l uland 
domains that Me found in most thin, single·crystal magnetic films that 
support magnetization perpendicular to the plane of the film M•gnenubon 
direction in the bubble Is opposite to that of th• surrounding are• of the 
magnetic film In whkh it resides. A traMibon ~on, the dom.un """ 
scparat..-> •h• magneu~arlon of the bubble from that of 1i. sunoundrn!i" 
Within the domain wall, of course, the magn•hzation must rotate through 
180 degrees. Domain walls, particularly those found in defect-lree. smi;le· 
crysta I magnetic materials, readily move in response lo apph.d m.agnet>c 
Acids, this Is the foundation of magnetic bubble technology 

Bubbles can be made to move rapidly along preosely defined l"'lhi. m 
response to electrical stimuli. The pattern or stored bubble!> n:p,.,,..nis th• 
information . Generally the presence of• bubbldn the m•llins d•i. \lltam 
•lgnifics a 1 ,,nd the ab~cncc of a bubble s1gn11i~ a 0 The fact 1h.i m.agn~1" 
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• • • • • • • • • • • •• ,, ... 
Fq: 5 tS \1''1'<11Cb.W.. l•tSmpdam.um tttnbyF.,>dlyruc•-.ulpol.i"'«l 
b,iht Thr\ Jtp•t)o('nl ftg.lor'I) Ngnt'ltl.fd .altttNttly 1n...,o1rdly •nd OUIW.lrd.fv In a 
5S·mJmmu."tt>r (;i:'n} lt'I•<"'- pf.atf'ft>I of tttbtum ortholtmtf' °'"'m.aln) 111r~ l)"pK<llll)· 90 
.,m '-1.·tde (b) \\'heon • SO·orntt'd ~1.iJ fittd ts •pphed ptt~nd1c:vl.tr to 1hf' orttwfrmtt 
tht't>t. • cyhndnal d1.1m.a1n (bubblt) 35 ,i.m U\ du11mtter '' furmcd fur _.ac-h prop.:rly 
ontnted. 1U1glc "''1!1.-d ttnp cklm.tin 

buM.'ll"> can bt' mad" ""bl'· b • chdraC1emtoc that h•• aod"J 1mmcnSt'h 
on th~ J~<elupmrnt ur th" ll'<hnulogy \'bual <1b<.l•l'\·•t1un of bubbl<' m.a· 
n1pula11on:. on m.11;m·l1C bubble chops is po>s1blc at qua" ·~taucspceds using 
FMada\ rotauun. and •lr<1bux<1p1c 1echn1qu<" can bt- addl'<I to obs<'!'\<> 
h1gh·sp.1ed ph"nJmena 

Bubble dCVIC"5 •r• th<• r<">Uh or a long-term l'ffort al 0..-11 lilboratonl"> 
to find a sohd·sl;se "'JUl\alcnl or the magnctoc do~i.. The li r..I auempt, m 
th<> !are 1950s, u>ed fomw s1ructures shaped h~c laddcr1>" Follo" 1ng a 
htcraturl' report on a shoh rei:1~1er ba~d on domain wall mollon, u vanous 

bo "' .• l'mbod1men1s or •UCh 'ho(t rl')\ISll'I'> were l'•plorc<f ill 1)(-IJ l.J ra tOnCS • • 
But tht~· shi(1 r•W':i.f\•r•. h.id .i "-enY.t.1" shortcoming thp\• \'-'Pre one d.J .. 
m•·n,umJI •nd J:d n111 r<·rmot 'uch operatocm' .l~ du'4-d loop operauon' 
"uhvut dt'h-<llvr jnJ h'):•·m·rjl11>n Thi' soluuun cJm• from th\! wori.. ol 
r c \hchad1>'' on m.ii:nelll.lll\ •no-tropic thin film •tructurcs that 
'upported dum.un' lhjl n•ulJ be mun.Jon two Jom<•n"ons .• ind thu> hdJ 
th•• polenllal tor d1N-d ""''f" jnJ uth<•r lunctoon.11 ,ur.•ni;cm.,nts 

'imn•\·or on 1h""' Rim' the l\ol.111..J dom.un\ Wd<' l.1r,.;<' (0 I b)· 0 4 
molloml'ler> (mmj), .rnd lh•)' muv.•d sluwly wh•n tr.lv<•hng .1lung lh<' h.1rJ 
a'" Recogn111ni; tho~ hm11a11un . lkibe<:k po111r.•J out In I.He 1965 th.11 
movement of dl>1'J1n' \\·11h t'\lu.tl Ctlse 1n an) d1rt•l:t14.11l \\ ,.uld nt•t ~· 
P'""blc •• long •~ th<• m.lgnl'!ll.>loon dor<'Ctoon " an th •· plane• of th•· 
m.S>tMl'.t1c medium 11mu\t4'l1gn ptr1>rndt<ulor tel tht· '\urf._,,,. 1 h1~ ret..tuir"-"' 
ol m••<'n•I "uh unoJ, .. I •nowiropv wuh 1he ••1> •hi:n,.J p<'rpcnd1cul.lr '" 
tlw •urface ur tht mar..nal 

At i1b,>ut tht• \Jmt.' t1mt.·. \1ortt•n hJd 1nduc;t,oJ \ \ ~h,t\l-.lt·\ . c•nt· ctf lht.· 
10\\'rllllf\ or lhl' !IJMMur ''"" Ch•ptcr I). tu l\'IUrn to ll··ll 1.1bor.11un ..... 
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on a part· hmc ba,;1& Shockley dl'\ dnp1:d Jn 11111·11· •I In d1>mJon ..... 11.1,.,", 
and soon became a central figur.· m tht· bubh!.· \l111v wh1·n lw n1~·"'"' J 
a gatht.'Tlng of nuthemat1c1.,sn\. m.iJ;nttt•c m..a1,·no1I·· '''f"·rt'. J,· \> 11 •· •·n1Qr1 · · t 

.1nd .a p.iter"t "'''''m ... >· tt.t d1\.C\J\' m.in~11nt .... t· bt\muth C\tnltat oa ,,, .. ,. t).11 

!..no" n to ~uppvrt magnct11 .. 1um Jl<'fP"nd1Cul•r 111 11• .u1l•11 
Al the mccttng hdd un ~larch 22 1961> 1n '>h•ocll"' 'uf11<• II"'"""'" 

1cal12cd that MnB1 wa\ nut tht• ma tonal "'""lt-J 1111 • twu 1hm11l\1•1n•I 
>h1h 1egl>lcr But R C Sh••rwuud whu had p1<•\lvu•h tull•l~••h-J \\1th 
J r Remc1!..a and H I ~\'1lham• un m.ign<l11 m.11 .. n.it• """"'"' r1"P''"".i 
the us.. or orthofemt~ cantl'<l anufenum•.tn•hC m.t.n.oh flit- I'"''°"' 
reseaICh had ~tabhshed that thno: m•t<-n•I• h.-< • W.... f•rr•v•llT~'•h· 
ISO·gau>s) magnett:i.>ttun and dumam "all• th.i "ti<' t••~· 10 mu-. 
(See Pl1ysiral $(1r11ets (1925· 198111, Chapter 12 ....... trun 3 I I c,1.,.1,..,~.J •ur 
plied Bobeck with se\•cr.11 urthul ... mtt' pl•t .. h·h l\IU"n b\ R .. rn.1\,. an.! 
one or thl'W. 1:.rr,-0,. wa,; u ..... .i tu dl'tnUfl\tr•k th• Ml l\\O·dlmt'M!On.11 
bubble shill rl~1>ter 
Su~ucntlv. under th• llUld.tnc ...... r L' f Gunol• • r1.o:tlQI '"D 

dunens1onal bubble.,;h11t tl,.,.\1"1 ""5 real,,t-d •nd A A Tiudr, •n •rr!k'.l 
mathemaunan, provtded an 1n·d~th trr.im.·nt ol tht' th"'" <>1 tlw >tabilih 
ul bubble domains ,. '' \\'1th th~ eriurb tht lt•'1bll1l\ ••I t>ubblt• •«<h 
nology was c~t.1bhsht-d "w.1m .. uf the rnnC1r•I contnbutLP> Alf •tw.. n '" 
Fig 5· 11> 

\luch of the ro.>search .tnd dr,elopmrnt tlut tollcn-r.J 1hr tnttul di " 

and that e' cntually ll'<I to ''~n1fican1l' 1mrrv\ ,..i m.~wttc bubt>f,, J,., •rt~ 
""5 conducted under th<' d11,•ctwn 01 Ii l D !><o\ll E..11h '"r<nmc:n•• 
"ere performed to determine tht> stall< anJ J\'nlmte naturt• l'I t-ub\':..- m 
orthofcrntc~ sem1tran~p11r~nt mal<n.JI~ \\Ith an "-'rthorhL!T~"° cn .. wl 
•tructure Unfortunatch the bubbt,.., It• ~ l•'UnJ m Nlhohm:.-. "<T• 
large. l\ptcJll\· 0 I mm on d1am<1<r •nJ th•· m~ui, '""' •m.t onh 
rud1m~nt~r~· e'p~nment, J,~m,,nsirdit\n..:, ,,,n1r,~1Tni kilt-~'· m,1:iun Nt"ti't" 
i;cncrallun "nd d<'tccu,,n <••ulJ r.., J''"" If•~ 5 I~) ' ••n<th<I•» \lor.un 
shuwed cn1hus1~1sm rur m.1i;r1.•t1< hubhlt-. in IQ"" h.: .. mJu•t<.l • f'""" 
confcrcnt:l' t\1 \\'ll1Cl\ l~ll"- t\0\'.hn1.1l,\~\ ''-'' Jt"'-1'"'-t.J t,1 tht• rut'l1' \t !ftt~ 
tmw. Murton prcd1<1~J th.11 \.ubi,t,• Jc""" ""h mJlt,,n, ,., Mt>"'""!<! 
l'\ t•ntu.itl\' ht.• ril'.ll11"•J 

~1t1rt .. ,n' l'ft•J1ct1c.\tl '' •'' ·' ',.r, J.\nn~ ,,n,• t1.'r n .. 11 ,.n, ... n'"'' b..·~It: th.an 
h~ th .. • O\i,);t\1t\1J1.• "'' ti,,• ll\,\t,·n.11 pr,,tit.,·n\' ''' ~· ""''''"-J 11 ,, ,., , , t\ ~ ·, 4lt 

(c.1r l''•''''l't .. •. tl\,\t "'il0).:,1,• .. -,.,..,,.,, l'l.ltl•l,•t, ~,1u1 .. t ,, ... ,,., '\'''' -'" .-. lt.iti:, 
mJt-..r14\I~ ''"''''\;''~ Tl'"' '''''' ,,,,.,,,. 1,,, 1n th,• h,.,,.,,~r11_,,, ~·! • un1.s,u1 
11101~1\1.•\1..: liln\ i111 ,1 "''''"'·'~''''ti~ .. u1'--.tr.ltl' "'''t.tl tt,,,,,.,,., n.•t onl\ '\•~ 
thl'f\' "'' J...11'''' n "'·'~"''''' 111.1tl·n.1l '' ''''"' h.1\ 1n,.: ... u11.1~!, ri•'i' :t''" 1':• 
thl•ft,t \\ ,, ... ,,,, J\_•n\\t1l ... tf._\tl\l1\ ,,, ·'"' "•nJ ,,. hl'll'f\'-"r•t.l\\ an .,,. rT\J~\:rul 

)\·Sil' Ill tll,\l 1.\1,~ ''"'' h,1\ ,. l'\t\'0'1\ .... ,,, .• ,., '"' , .... ,,, lJll\ J,,,,.,... .at ,~n11. ~''''''" 
tll l'i.' i1\\\ll\'f'•\lll"11C \\ 1tl\ l"l\tl'll'I'-• r1''J'•'~·\l\\\I\ 
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F"1~ ~ ltt A rhufQgJ,.ph 1•~m tn 1911 ~r Wmf' ,.( thtt pn11ap,11 contnl>uton to 
rttA,io;.nrllt: Nbblr" S1And1ng (l .. t1 ,,, n~ht) L C V•n U1tC't1 R C Sht"rwood. J P 
Rtll\nu and r C M•<h•rl" ,...,td /1. 11 S..b«~ (l•fl) •nd A A Th"'I• (right) 

Tu >upplemem che support available from che macerfals research area. 
l I \'1menn organized a matenals developmenc effort chat included, .u 
ont uf cht first cuks b\• L K Slucl and J ~\1 N1e~n. the he1eroep1taxial 
gl'O" ch ul orthofem1es on nonmagneuc subscr1ces, using a upping method 
of nu, •ptl.t>1 "'Smee this approach du! noc prove fe.u1ble for orthofemu:s. 
m11rrul >u111ble for deV>« de .. elopmenc ,.,,.,, provided by S L Blank. 
"""j; the Sttded Bndl\f'lln mechod 

\l•an\\htlt •n unexptt1ed de•·elopmenl occurred Iha! had maior s1g· 
mficanc~ ll<>b«J.. nohled thlt g1mct plJtelct> NI from mulllf~ceted crystah 
pro\'lded by l C Van Unert of !he matrnals r~arch area had regions 
•Upp.lrt1ng bubble do1M1ns, which implies un1ax1al arusotropy. fF1g. 5-IBJ 
(S•• al.o Phys1rol ~unrts (1925-1980/, Chapttr 19, section J I .) This dts· 
coven· wa• •urpnsing, since 1he symmetry of a perfect cubic crystal does 
nol •lluw for unfaidal anisotropy It wu demonstratl'<l thal anisotropy was 
an 1111n1151c property or 1he game1 and wu not s1ra1n induced by devising 
• >tr~1n·m<rn11tl\'e &'met compos111on, Tb1Er1Fe,011• u•ing da1a on thl' 
•tro• •t•n•lti>lt> of gamers gentr1ted by S hd• " Plall'lets cu1 from 1hrs 
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'" .. 

... l•I 

r1g 5 17 ~t.'\.('J'-'O(e Of phUh.l);r•ph' lllU\tr.JhMg l:'o• l.HtJRWn\k1n,,J VldMt;t.11 n 11J'1Jnc.il JN..:, 
nette dom.11n-. 1n 11\lF"°i ortho(t'mtc> Oum.mu •r'«' O'W'>\tJ ttuu...;t< JJ1 .an•' Cl( dfi,., J...i.'P' 
ce>nnc-...t('J ''' .1 11\t ph.t.w f"Uborr 1n .a m.annn ~·"'n tn tll t'l St.afW\l ,_. ... ~ ul ho.O 
dom.l•nt ""'1th rNM' I •t.h\f' t~l PNw l .Ktl"'• t~) th.iw J .a~lt\t I.ii n....,.,. I 1'6.?-..J M 
ph.uc- 4 {l·) ft,...,.Ju.11 ~ltf"t"n 11111\'l (\lf\br\wu\ 1 2 J I 4 \ I l ! t !>--4 ~ (""m.l.W'D 

.art- m.tdt" "'''l,lf' 1n "'-"\1Uu1d ,,,,,,., b) 1nad<-n1 h~1 tf'ftf!C11~ lrom on\ m..1·f'lirtK rtt!rlm 
th.at ~'\.Ol'n•" ltllf&tl.l'-"IJ tO th\" 'ilfA\ f\~·ld o( lhr J~"M,t\r'I 

' 

cn·.c.ll po.-~,;ed h1ghh un••"•' r~g•on< (.-..,.,.1,.J '"th p•tt«ulu f•1ei.1 
and !>uprorteJ rei;ular bubble dom~'"' 

A l•r);<' 1mnl effort of both r.><earch and Jt\dorm<nl 1n\\~uµ111"' 
~hO\Yt.•(_\ tllolt th,., \.iOl'\~ttt.•d UntJ\tal Oinl\.\.\ln.1f1\' found In ¥.lmt.1 Ou\·~f!J\\-r\ 
sarn\.'l1' \\'•'' llldt.•cd not r~li\tl'd .... ~tr.lhl hut \\'l\\ , '" fJC1, ~r'''''h 1nduct.-d, ': 
thi~ t.11,c.:ovl'r)' (.>( gru\,•tk i11\tuct•d Jni!totrl1pv '"'•'' .tn \'1\hr\1l\ unt''f"'l'ti.oJ 
rc~ul t . 

Thi-.. prl•fl'--''' 1mp11\'J th,11 th~ ~dmt:t '\IN(tUll' (,JUIJ 1'• t.a11,,,,.J ~\ '11ir 
,u\:>)1ttu11on> to pro' 1d~ • "td» r•ni:.( l•f m•~n<ll• proi•.-m,.., '"'" •J•r11'\I 
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5 CENTIMETERS 

fig 5·18 Platinum cruoblir roo1.l1n1ng do«ns o( g.lml't ay.sc.als grown 
from .i molcen nu11. aolut1un by L. C Van U11c:rt. Mi1ny o( the larger 
m"\:tJI\ "-t'rt 11ict'd and poUsht'd for dt>\'ICt' t!'V•luatfc>n 

to bubbles Further •nd more importantly, gamet5 offered the poss1b1hl\ 
of heteroep1t.t>.\ 'I.or onh "ere a wide range o( garnets >u1table (or gro" mg 
on •ubstrate>. but latuce constant matching was pos>1ble through appro­
pnare subsntut1ons Thus, the possibility ol dislocation-free heteroepita"' 
needed for defect-free films could now be envisioned 

Shic~ and Niebcn u-.;d the tipping method ol flux epitaxy for hetero 
cp1ta>.1al garnet growth Jnd achieved Jilms o( galhum-.ubstiluted erbium 
and europium garnets on gadohn1um-galhum garnt't (CCC) o( sufficient 
quaht'· that bubble shift r<'g1ster> could be made " 11 J Levinstein, R 1\1 
Landor(. and S J Licht uulwng s1m1lar flu• comp<»1tions but employing 
• d1ppmg ronngurauon. were able to grow Films with fow.,r defects, and 
more 1mportanth· "°"''"eel that growth occurred under supercooled cun· 
ditions." Th.,. J'('rmnwd growth under isothermal cond1t1ons rather than 
under the inherently nonuniform conditions of slow cooling growth. Thus 

b 
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ii was possible to achieve !he high degrees of uniforrmty of !he mulb­
componcnl compos1lions esscnttal lo• device use 

The engineering of bubble compo-;itton\ and op11m11a11on of growlh 
procc~se1> proceeded al a rapid race. thank> co the work uf Blank. W A 
Bunner. C. D Brandle, J. E Ceu>ic. F B Hagedorn. N1el;t,n, and Van 
UHcrt among others."" This 1nduded cfforl\ 10 analyzing defect formation 
m the i;rowlh of GGC subslrate matenals Iha! n~ulted in d1sloca110n fr,,., 
bou lcs'• as well as low·dclcct films required lur large bubble orcu11!> "' 
Studies by Blank and Nielsen"" on the phase properties or the garnet 
svstem established mclhods for growing accurately controlled compos1tions. 
providing the basis for !he engineering or garnets Ulhma!elv. suitable 
gamers were developed for devices w11h a >lorage density as great as IO' 
bits per square ccn1imetcr and a temperature r•ngc of operation from -54 
degrees C to + 140 degrec'S C. 

The success of bubble domain devices was cntically dependent on es­
tabli<hmg • viable manufactunng t"chnology for these ne" matenals 
J. E.. Kunzler. who had overall responsibility for ell'Clronic matenals d ... -
velopmcnt, recognized m l 971 that only a "material~ capab1hl\ hoe" would 
provide meaningful early c•penence under pilot hne condibon> ThL> ''•> 
rapidly implemented, and the technology chat resulted became the fore­
runner of the production technolog)' used throughout the world" II pro· 
vided materials with an exn•cdingly light control of bubble 61m cornpo· 
si1ions while maintaining the througlnput essenbal for volume production 

The bubble• generated m the urthoferrites were well beh.-ed m that 
the)' did not show any erratic rnohons m uniform g,..dJent fields nor did 
thear veloc1l\' \ 'Crsus dn\1e charactcnst1cs sho,,· anv nonhneanues Such . 
was not the case w11h bubbles produced m garnet mai.nals-e.peoalh 
the h1gh-quahty g.unet films grown by ep1taXJal means Thl15C sho" ed a 
cunttnuum of unusual stahc and drnam1c properltes cau;ed b1· d1ffonn1< 
d<"Jrt\a1n •\\'4lll structures,, 

The -.mplest bubble wall struc1ure 1s the Bloch woll. m "h1ch the 
magnetization rotates ma plane parallel to the "•II In a 'hard" l:>ubble 
tht.~ rotat1011 ,,.,t,,1r1 the \\•all 1<:J 1n txlth clt>Ck\\'15C t.lnd countf'rcloc~'\J~~ 
scgm~nt!> 1on 1mpll\nt.1t1lln of ion spec-1es such a§ I l_ <>r N~ \,·.1s fuund 11..\ 
be th~ mo>t practical appro~ch to .>vo1dms hard bubbl•s. •nd all "•rr,,, 
dte no,,• so tr<!Jtcd •• (For dctJ1ls on ion 1nlplantJi1on. >l'i' ChaJ'ft!r ~ 
'oCllOI\ 4 A ) 

Methods were developed to p<!rform functton> nc<'CIL>d 1n oubolc chips 
propag.1tl01'l, serlCriltl\lO, di•h."Ctton, trJn.!!.fCr replicJUon ann1h1la11on ,1nd 
~'''dP Or particular 1nt\lrest 1s the niost b.istc opcrJt1\ln, prup0t~,1t1t_tn C'1n· 
ductor propaga11on \VJ~ the n1~thod first ui,"(t 10 mvvt1 but_,b1t~ It \\'•'-) 
rcpl.1ccd b)• field access. '" which mductwr powrr " "'uplt.'CI th"'"~h 
P•'ll\:n1ci.i l''C1rr11.1ll,>y (<.1<'lt1r1.•.., t<' 1'r'xi\1C'l' hublil~ n1<1hu11 .1~ ln1t1;illv .. us 
gcsll'd by A I l'rmc, k1 •• Whim " rotatm~ m.1~111·111 hdd " .1ppli1·d In 
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the plan" of th<' magnehc matenal. the track of Permalloy features pl.Jc«! 
on or near the surface of the garnet guides the bubbles around the surfoct' 
of the magnebc matenal 1n a controlled fashion ln1bally Y-bar saucturn 
"ere used ... followed b~ T-bar structures. [Fig 5-19) Many variants 1n 
chip orgaruzanun are po>s1ble For example, Fig 5-20 11lustntes sche· 
mabcally a 68-lulob1t, endless loop sluft·rt.>gister senal chip and a 68-
lulob1t, ma1or-irunor par&llel clup architecture,. 

Bubble memorv chips are packaged with two mutually orthogonal wire· 
"ound solenoids dn\en to provide a rotanng in-plane dnve field. and 
.,,th a permanent magnet that provides the bias field necessary to ma.mum 
~t.ible bubblo ll«•U5e the field of the permanent magnet mocks the tern 
f""•turecharacte11>11cs of the bias field, the temperature range of operallon 
1> wide Data retenhon 1s completely nonvolanle. 

The first Bell System appucatlon of bubble memones was m the I 3A 
voice announcement system, introduced in late 1976 in the No. 5 crossbar 
svstem m Detroit, Miclugan [Fig. 5-21] A pair of 1/4 megabit ( Mb11) 
packages mounted on a pnnted a.-cuit board with associated electronics 
stored 24 seconds of prerecordl'd messages. Low cost, ease of mamtenanre 

. 
-~·-.·,, ., r . ., . 

.. '!. # 

• 

Fit ~ lq 1"" rf1' tnc ~M"" ol Ptrm.t.lkio~ T Nt p.,aitt"ff'I m cont.Kt ''Ith 
tht wrl.c:c- "'' • ~m.1 him A noC.lflPK"' pl..Jfh' ~tK: IM:-ld JO:t"fk--r .. 10 
p..iln an tht- Pt'fm.al~ •&rtnl-nb 1h.lt c.>u...e tN• NbbJt< d•1m.,,1n ''' mmC' 
rh.:· bu,. fic.ld N•"'-'lM lht· \L.lbt~ bubble dom.un' 
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f•g 5 · 20 Arcl\llt<lUf< of\>)• ....ut INF""' bubbwdl.p. •nd tb) • pu.U. 
rNgnt11c bubb1~ chip ln 1hr Mn&l chip. bubb1n trJ1.d • ill"glit rttrttnnt p.tith 
Such ch1pt ire snnple h> optor.atC!, how~vtr. lhl" time to 1ccn.s d.11.1 I) n'i•b'C''' 
lung \n contr.ul 10th~ p.u.a.llrl chip OfPntutlOf\. ""'luch tt COO\~ t>l l'Nn\' 
m1nur &oops 

249 

ond reduced size made the 13A a popular choice \\1th the opnabng com· 
pa mes 

The large-capacity BELLSTORE' magn~hc bubble memorY •ub..-t<•m 
was developed at Western Electnc m Guilford Center. i\orth C.rohna and 
at Belt Li1boratorics in Morristown for m1htary and other go,emmont ap· 
plication$ The memory. cod<-.! T250·2200, was an all·$0bd-.tate modul.u 
design t;Xpandablc from 4 to 244 Mb1t '" ~-~lbu 1nCT•m•nis rearufl'S 
were nonvolauhty; bulk cr.1sc capab1hty, nonre<·u"rable bit error rate 
better than 10""; access time. 14 millbcconds (ms) 1u "nte and 8 ms to 
read; operating temperature range. 0 tv '\U d''Sf<'"' C and nonor<raun~ 
memory rcknhon tempcr.1turc FJngc, - 411 to +l\O d•');'"' C Alrhoush 
based 01)" bubbl1.• -.tl'.!pping r.ll\.' tl( O. I 11l'-'g.lhertl, It\..:" ~)Stl'm Of};Jnt1Jt1on 
pt'rrtiilt!.ld data tr..t1lsf~rs at l 1llC)?.'1\\'ord P"'r s-.·conJ Sp...""\.iJl .. purpo!Ot(• nt~m 
ory bourJ~ \vl"rc alw dl's1gn".J .lnd m.lnur:ictunzd ''1th ont-~ "'"l· ... r f\)Ur 
bubbl~ packas,..," lf1g. 5-22\ 

Bubble de,11ces 1n manltf,lcture Jt \\'e.,tcm Elec-tnr 1n Read1n~. r,:nn 
sylvamo by 1977 were based on a 3-micrnmeter (µm) bubble t\"<hnuk~' 
that .1llowed data -'Oral\e on• 16-µm ~nd spoon~ 1\tt pro<<""n~ "a> m 

• ir4d1nnArk "' A16cT Tcchnuloglt-1, Inc 
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J1,; ~ ~I t'huh•gr.aph "' tht! lJA \.OICl" .JnnuunCl'mt·nt •)'\l l•m r he S)'<jl\'m con.s1.stJ. of t'lght 
ti1.lbbh+ ml'n,or\ bttoifd!t .1nd 1htte ~f".<Ci• I bo.ird4 (lllllilh1inK lhl· lOMlr<>lll' I', po\'\'l"r ~upplu.'S, 
ti,•IJ dri\t·n t+lt. 

.1 C"lt•.in fl~lm cn\·1n.1nml'nt BubVlt.• ,·1rt'Ull' ,,,.,,. rr~ ... ,sed 1n arra_)1S c1f 
IOn <h•J" un 3·inch-dodml't<'< hJ(,•r.. llll'r<' '"'"' tw<• pJtlcmed m<> 
i.t11.a11vn I•• er> v1w • good d.-rtricJI conduc t••r for c J1Tv1ng cun irol p olsl'• 
h• i:"nnJI<'. tr.a1hfrr . .and r.·ph<•t•• bul•ht.-' .and th•· uth••r a Permalloy 
IJ\•·r Iv prvp•i:••l' •nd dl'k<I 1hem r •l>n<Jfll"1 l<"JUlr<'CI worl..tng at thl' 
hmol' vi 1hc ph<>t<'hthvgr•ph" lduhh<'' th.·n ,l\Mlabll' I hl' f'l'rnMlloy IC\ d 
,,J .. II'"' n1t•'.\t J1tt1cult t>nt> t\> JlJtl1.•rn ,,,,, .... 1C ' 'J' n'-''-'-"\ ... ,1n· to OFWn I 5 
""' i:•r- h<·ll,n·n l'l'rmdllO\' ('fcm,·nh .ind tu mJontJm the cdi:c d~Anotoon 
"' t'l<-ml'nt' \\llhm 0 15 ... m r11 .. pron·'""il mal..111)1 1h1s pos>iblc wa> 
d'\'\l'l<•pcJ umll'r lh<• dir,'(toon of R ~ \\'•11n•r " 

I hu, •II lhe <nd of th~ tome perouJ \O\l't~d bv th" h.-1orv. :.c<1ucnl1JI 
'''''tttt•ru.·' bJ!'Jl•d un n1.lgnl't1c bubbl1.1-. \\'l'r1.• 1'1 n111nl1f,,r 1t1r1.• ._tnd h._,d found 
.1 \,1rlt..1I\' L1f 'P'1\'1Jlltt.'d +1pplh:.11tt;ni;, Slr\l t' 1t1\•n 1 l>C1."J U ~t• l>f thl' con ti 1, Ul'tl 
t

1'\J'liJl\l•n11.tl )tt\)\\lh ,., thl• )\.'lllU,()11(.IUt.: lt'r 11\\111\l )IY '' 't'l11\tllC)8}'~ ,,,'"' Ll.,l' of 

tlu~lil1.• f11l'IU1.lf\' dt•\U.l'"t t1.1'\ lltJC bl'lllllll' J't \Vltft''J'f'"''' ,1, \V._l, .tnlit·1rillt.•d 
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;:1i19 t /<4 \\bs1 ,1..,,-a;:~ upa.n1' rNg1WOC'hi..bt-~ J'-1-• ~ &.--.1 
Jkriph('nl th."1.IJ"UftlC$ 
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• t lhe beginn 1ng of the de' ~lopment piogr-.m '" ...u..i.:... thttt <0<1t11w.• 
tn emerge SpeClah:ted •pphc•hons ~umng ><>mt or all of thr uruqut 
Oltnbutes uf bubble m~mon~; nonvolati~I)' Of tht dat•. IM<'n"ll\11~ 10 

rod1allon, and the abscnc~ of mo"'"S Jl"rlS 

V CONCLUSION 

From the ir.tonng or 3 sln1ple telephone numhl'r 10th• .:acrumul•uon of 
huge dat~ b:isc>. telerommum<•llon> •nd olh<r 1nlorm>tion·•s• "''...,,. 
r<'qunc memon<"' of m.iny sizes •nd l)ptS It .tlould ~ •~tnt lrt>m 

this account 1hat for"' er twodecodl'S, m•gn•bcm1·mun<'Spla\rd • n'ntnl 
role In meN1ng these needs TI1e con11nuou1h· ~·ulnn~ lt'<hrwll>)."I pre· 
sentcd f\'3l challenge> IQ de\IC" de~1i;ners. •nd 11<'11 uborU~nn re<>plt 

met lht.>Sc challenges with a senh uf ""'"'"'"' •nd ~d''l""'""'' that 
~~pt the Bell System 1n 1h• fordr<>nt ul iMtnon l•'<hnoiop Alth<>U~h ll 
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tht end of the penod covered by this history. semiconductor memory 
d""""' hdd 't.lrted to replace magnt>t1c RA\!\, the manufacture of senal 
but-l>l~ m~mon~ was 1ust beginmni; At the tame o f publication of thb 
boc.1J.. Western Elecmc-now AT&TTt>Chnology Systems-Ln Reading was 
prooucing a ssgruJicant volume of bubbll' dl'vices for a vanety of use<; 
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Chapter 6 

Piezoelectric Devices 

Throughout tht 50-ytor ptnod of this history. tht quortz <111stal umt was 
II" bastS for rarritr ttltpl1011y and radio 11a11sm1ss1on. In tht 1920s. rad11J 
ca"''' frr11 11r11c1ts b•ga11 to be ca11trolled by quart: crystal u111t• Tltt /ollowmg 
decadt bro11gl11 tllf first s" cassful apphcat1011 of quartz rtso11ator> to cl1an11tl 
filters for 1tltpl1011e tra11s1111ss1on systtms /.ilttr, 111 World l\'or II. tht nttd for 
btlttr co111rol 111 FM 1ra11sn11ss1on /rd ta a s1gm~un1 tIJ'""""" "/ producuon 
of quart: drt•icts. wh1/t postwar ulrrasomr dtlay lints using ~•n•m titanate 
p1t.zor/tetr1t ctran11cs OS transductr 111ata1als s1g111fitont/y 1mprot•td lht CO• 

1••l'J1/1111 11f radar system~. So/du-sraltd quart: dev1rts gat•t u•ay It> tl1r mou 
stablt' rold·welded 1111it~. Sult<rqur11tly. tilt plated <TlfSIDI prr<1>1011 u1111> of 
the /111t I 950,, 111crtasrd fr,•q11t11cv stabll1tv a11J a<euracy drom•llrall~ .\1Mtortr, 
mathtmat1cal mod ti mg al/11u•t1l tl1t drt•tlopmwt of tht trapptd tnll~ <onctpl 
ltadmx to rl1t tlm1111a11011 of 1111wa11ltd modi·<. r;•huh culmmattd 111 lht dt · 
vtlo1m1t•1t of m11l11rrst111ator mo11ohtl11r U'l/'tal filtrrs 

I. IEAIU.Y QUARTZ RESONATORS AND FILTERS 

For lon!i·d1stance telephone ttansmiss1un to ht' e<onomical. mulnpl~ 
telephone <•II> muM ht- muluple\cd onto• 'mgle tn1Uml\s1on hne The 
widely uo;ed frequency mult1plcx1ng n.'quir..sc.mcr fr"<!ucnc1l'> conttolled 
to a high degree o( accuracy olS well a'\ prCCl'iC fi lters to separate the vanUU\ 
channels (rum the composite signol 1>1 the receiving end of• system f<>r 
both o( tlwse purpO>C> frequency (Orttrol and filienng ·~U•rt/ de\'ICl"> 
b a sed on the p1cz<>ell'l:tnc effect had no nval dunng the r<"n<><I u( tlus 
hl)tOry 

The pte1oclectnt e ffect is observed 1n cortam dielcctnr <ry;tal' thit. 
when deformed by pr,-;sure, generate on clcctricGI char~• Thc name denv"' 
frum the Creek pi~z1•111 , which mc,1n$ tu pres> Th<"S<: cryMals contain 
poMllvcl y ,111d negative! y chorgt'd ions that kparate when• ~t""" I> •pphl>d 
to the crystal II the cry>t,11 structure ha' no ctnter uf symmctl\', then the 
str~s Induced Sepdr.it1un of Cholj;l'1> I~ nonsrmmetnc •nd • ntt dc<ln< 



dipolt moml'llt IS generated If the crystal 1s asolated, tlus electnc chpol" 
moment appeus as a voltage across the crystal An electric current "''Ill 
flo" when the crvst.tl IS short·orcwted 

Con,l'l'Selv an electnc field applied to the crystal causes a mecharucal 
srram or deformation in the crystal Speolically. a p1e;welectric crystal 
\lbrat..., m response 10 the apphcabon of an altemating electric field. Smee 
a quut.z crvsta.I ha;, excellent ela.snc propernes and httle mechanical IMS, 

tt has "ell-defined mecharural resonances al which the e.lectrical impedance 
abo beromes resonant Therefore. such a quartz resonator with its ve:ry 
stable frequency of '1bration can be used to conttol or to select frequenoes 
1n dectnca.1 orcwts 

A mea;,ure of the progress mad<> from 1938 10 1972 tS best illustrated 
b\ a comparu.on of the Al and A6 channel bank filters used in telephone 
earner S\·stems. shown in Fig 6-1 The Al channel tilter followed a design 
using discrete components m a latbce filter MruC1ure. whereas the A6 

-----
..---- 15 CENTIMETERS ---<j 

... 

;..----5C£NTIMETERS----

"' f1,i.t (l I Ct1mp.tmoo of t\<t.o ch.a.nnt>-1 b.tnk fihm fl) Al ch,anncl filtl•r dcs1gnt'd an 1938, 
u~ dJ,,crrt•· cumpontnb 111 • &.ttt<'t" .fiht"f slructureo, (b) 1hr J11tr A6 (h•nneJ filt-.•r- d\.'SJgn. 
111trudut\-d 1.n J972. b.t)t(f oo ~.11Jy couplt'd tr•pptd ''n4"f"By trtoOft.Jt~ on ., sing.It! 
'fU~r\I p!.11.-
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channel filter design. a monohth1c crystal filter. is bosed on"" acousucally 
coupled Lrapped energy resonators on a single quartz plate 

Radio broadcasting began in tht early 1920s, and, following the in· 
vesugations of p1ezoelectriccrystil·controlled osallators by A M. Nicolson 
of Western Electnc.1' W. G Cady of \Vesley•n Uru,m1ty.' and C W 
P1orce of Harvard University.' quart• crystals were used 1n 1924 tostab1hu 
the carrier of the Bell System's pio~ering radio stahon WEAF. lhtn at 32 
Sixth Avenue in New York City 

The apphcabon of quartz resorators 1n filters required coru1deuble 
additional development FUter des1g11 without qu.utt elements had its on gin 
with tho inv<?$ti5ahons of C A. CompbdJ,h 0 . J. Zobel.' •nd K. S Johruon,' 
wluch led to the invention, theory. and des1g11 eqiubons for electnc wa' t 
filters. This work led to bandpass filteB 1n the frequency ringe ol 8 to 30 
kilohertz (kHz). enabling the production of earner telephone S)~tenu in 

service as early as 1918.• For additional delJlil on this early work, Stt 

another volume 1n thtS series subtitled Tht £41ly YtorsllBlS.192.5), Chapter 
I 0, section II. 

However. n was not until 1927 that L. Espenschied observed that the 
quartz crystal. with Its high lnhcr•nt stability and tow dbsipahon (high 
Q), might be used in a filter to per.nit closer channel s~ang ard higher 
frequenaes, which at the bme were bruted by the 111ductor; used 111 channel 
A1tef'5.10 

In 1925, W. P. Mason had begun work on quartz crystals for broad· 
casting. I le round that the quartz ttSOruitors used for radio troodcast 
se1V1ces contained so many spunous modes it was not poss1blt to -
them 1n bandpass niters, but noted that the lower-frequency modes (such 
as the extensional mode or a bur) dld offer possib1bties 11 He showed that 
an inductor used m series w1th a quartz crysw urut 111 a filter yielded 
band",dths as !ugh M 13 pei«nt ~i.t untt:s olone bnuted the IMndwKlth 
to 0.3 percent . 

T h e Introduction or inductors, however. lnneaS<!d the ins<rtiun lo;.s to 
und~i,.ble levels Mason showed that, with somenctv.orl. tr<ml<lnn.lbuns, 
the •<>•uhve patl uf 1he inductors could b<> ffiO\ed to lonn p.wt of the 
term1na11ng resistors. Figure 6 2 shows this ~wvolcnce TI11s 1movibon 

I ,,,.--

lllK fl 2 1 t1111v .. 1~nt litu•c~ nt•1\oititl\. ,., dt\l~ by \\I I' "'1aWJn l t 
t\'lpr~·nt' itt\ induct'-" •nO I~ 1nJ t, ott\t Ill\' ~\t•I \11\11' 
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f 1~ ft .l A t-Tl,'it.al b.andp.~!l> 61t-:r u\ln,1it d1v1Jl"d pl11t~ crv5ot3l units .tnd senes 
1nd1.1tt('lr'\ 0 1 o1t1d Q: repr~nl lht' di\'1dt-d pl.itt"d CJ)''ltl unit\ of tht" l.M.t1~ 
n1·l\\·01~ C. rt>prbt-nb tht \hunt <.•p.inlan~l'1t remlJ\•C'd from IM l•lbC!f~ .ind L. 
T,·rrr-..:-nf) the uiJuctun produang .a \':idt:b.and th4nn.-I tilt~r O\ct'r 40 )·ea.t5 of 
clunnrl fih,'IS ~-t"ft' ~ "" thu dN~ 

\\."tt< fnllo\\·Pd bv a further simpli6c~t1on. in "'·h.1ch thP n11mbPr of tnductors 
and cn·stal units was reduced by one·half by UStn8 coupled cotls and 
cfJ,·ded pla11ng on the surfaCl' of the Cl)"Stal plates \\'1th the dissipan'e 
pan of the inductors fomung pan of the tenrunat1on to produce a constant 
m<e"Uon le»> at all frequenoes, II was then ~able to design channel 
lilt~ "1th lo" loss m the passba•d Tiu!> design was one of the most 
s1grufic.int theorebcal contnbubons to crystal units in carrier telephone 
transmission systems. Designs for channel filters for the next 40 years 
wett based essenbally upon that shown m Fig 6·3 More than two million 
wer~ produced 

With th1> work, Mason began a long and productive career that spanned 
more 1han three decades His work is also discubed in two companion 
\'Oluml'S m this series subtitled Commu111ratio11s Sc1tnrts (1925-1980), Chap­
t"r I "-'Chun 3 I. and Pl1ysl(a/ Sc1t11ct> {1925-1980!, Chapters 9, 14, 16, 
•nd I" 

ti RESONATOR T1'CIL'llOLOCY REFlJlll:MENTS 

lrub•I thl'Orcbc.J work on the \1bra11on of b.Jrs and pl.ates applied mainl) 
to long than bars for e•teru;1onal and lle•ure modl-.. and to plates of large 
d1mtn>1oru; for th1ckne>s·shear or 11ansverse mod~. configurahons not 
chanccerubc of actual devices Pracocal quartz CTY>tal units for frequency 
control and selection were de\'eloptd ~tnttly "'l"'nmcntally with onl> 
hm11c-d thl·urchcal cunfinnahon and e~ten>1on 

The properti.- of resonators depend both on the d1mcns1ons of the 
platr> or bars and on their orien1ation with re>p.,c1 to 1he trystallographu.· 
"''"' r1gu1<• 6 ·4 illustrates a few urienlat1uns of partacular interest. Physkal 
J'f<'pt'ttll.., of a plate, such as the velocity llf acou,t1c waves and the fre· 
qu1•ncy tt·mJ'l'ralure coclhcient. can be 'l'lt•cicd 1hr11ugh the choice of a 
pl•ni• 1v11hm tht• cry>1al and the rotJ •iun.11 unenta1mn of th" plate or bar 
w1th111 that plane 
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had bttn made 10 determine the effects of rolated bars and plates as well 
h 1he resonance spectra of low-frequency crys1al resonators as a function 
of dJln~onal ratJos.1 The purpose of these ~tudies was to find the rotabons 
for n>duc<'<I or zero couplmg between modes (reqwred for single-mode 
operabons) as well as those to produce zero frequency-t.,mperat\Jre coef­
ficients 

Figure b·S shows the effect of plate geometry on the resonant frequen­
Clt'S of a 0-degree. X-cut plate and a + 18.5 degree, X·cu t plate. When only 
the width 1s changed, the frequency of 1he length extensional mode is not 
affected on the case of the +18.S degree, X-cut plate over a wide range of 
plate geomemes. 

Through the use of +18.5 degree, X·cut r£"SOnators, successful channel 
filters for tel~hone earner syslems were developt'd." u Twelve channels 
spaced 4 kHz apart from 60 10 108 kHz were chosen as a compromise 
ben-een systems conS1derabons and crystal pla1es of reasonable size to 
form the basic bank of filters for future earner systems. As improvements 
were made on inductor core matenals and mounbng systems for the quartz 
pla1es the -5 degree X-cut crystal plate was substitu ted. A lower tem­
peratu!e coeffiaent was then possible, because higher tmpedances could 
be u~ w11h improved inductors. 

' 
• .. .. 

V.•Dln 
EXl(.0.,~11.,)'JA i 

votir 

I 1..-. ti ~ L'ft-Ouf plillh• g~metry on lht- rL'kln.:tn1 frt.'qut•ni-h·~ fur pli.1lt':i of ron$lan1 J,•ngrh, 
I 111 IU mlll1mt"tt.•n (•)A O·dt•g.rc-e, X'<'UI plilll" (b) A l 18 5 dt·~~l'l't', X~cu1 platl• When t.>nly 
lht• ~JJth l\ th.angtd, lh~ trequeo<')' u( the l(•n1;1h t'"'l<'n1J1Vn.1I 1nodc '" nut ,1fft."Ctt--d OVf.'T a 
w.Jr 1•"8r uf plfll" g.eomctnts /or the., 18 S d<'Kr~ cut (f ftii.111.._ Q"111t: Crvs111ts /or Clrctn'tal 
(,,,,.,,1 (IYS21 22l I 
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Th~ h1gh -fr•quency plates, the AT and BT cuts. malenally improved 
charac1eristiC'S for the control or broadcast and shonwavc radw 1ransrru1ters 
because u( sma ll frequency-temperature coeffioents ands1mplu unwantL-d 
mode spectr.a By careful selection or dimension>, high -frequency units 
could be made tci operate from 500 l<.H1 to 15 megahertz (MHz) For many 
vears, the BT cut was preferred becau>e of its higher yield in manufacture 
A great deal o( information rcgard;ng surface contour and d1mens1onal 
ratios was gathered empincally. since no reasonabl)• '1mple theory could 
explain ttle resonance behavior In contrast '"Ith the lo'-'·er~frequenC)' filter 
crystals whose electrodes were Ihm metallic films plated d1tectly un 1he 
major su rfaces, the high-frequency units were formed by plaong the quartz 
plate betwe"n s teel electrodes, as shown in Fig. 6·6(a). For plates or large 
dimensional ratios (e.g., both length and width gieater than 55 bmes the 
thickness), the comers can be damped to obtain a more stable unit, as 
seen in Fig . 6-6(b). These mounting methods pemutted frequency ad· 
justmenl b}• ~uccessively grinding and etching the maior surfaces 

The introduction of coaxial earner systems made it neces5ar)' ro de•·elop 
carri•r and pilot selection fillers for frequenaes from I to 3 MHz. The 
resonator designs used in channel filters, 1f applied to the higher frequenoes, 
would have been unsuitable because of the small plate s12e that '"ould 
have result<'d A great deal of effort was expended, therefore ro obtain 
filters with satisfactory performan.:e, and many 1ypes of resonator con­
figurations were tried. including hannonic versions of the lo"•-frequenn 
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fig b·6 I hgh-(requtncy "h<"Al·t)'pe mounnn~ ta)m'i-!•1 
p\.ite fr'-'<' "'ith .1if g.,p; (b} pl.\h.~ <.l.lmped .it cornt"n. 1'hcw 
mountings pcrn111ttd lr,"lutl'\C)' ,a,djU!tmt'f'lt b~· suc~1\c­
snnd1nt;, '1f\d Cl("hins. Cffil\' p1.ate1 \., 11h lilfl.'' dimmsion.&1 
rahl,)S (',)f\ bt dan1~d ell the romtrs Ill a.fh1to\t> mur" ,,,.,bl< 
unl1,.. 
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f•g o+; R A s\~t\ ""h""1 m.ldeo nwn\ cuntnbufKJftj. '" ~L«kctnc 
CJ\'"$tll un~1 .. 

types as well as the high-frequency shear types, such as the AT and BT 
cut> menuoned before II was e\•1denl that a derailed study was required 
of the resonance spectro of the high-frequency thickne5S·shear plate if 
filter applications were to ad\'ance. This study compnsed det.uled obser· 
\atJons of the changes 1n the resonance spectra near the pnndpal mode 
a• lateral dunens1ons of the cry>tal plate -.ere reduced by very small 
mcremenis The same method was later applied 10 the filter and the oscillator 
control uruis. For eumple. successful crystal filters for 2· and 3-t.fHz pilot 
selection were developed as early as J 935. Later, R A Sykes £Fig. 6-7) 
po>tulated the many types of modes el<isbng in the high-frequency shear 
plates and gave empirical formulas to predict their behavror.14 

Ill MILITARY APPLICATIONS DURING WO RLD WAR JI 

After the successful de,elopment of low-frequency crystal uruts for 
fillers. surular units were u~ for rhe basic control osalla tor m frequency· 
modulated 1Tanstru11ers for truhlilry applications. These unrts mad!! use of 
the CT and OT plates shown m Fig 6·4 By late 1941, the \\festem Bectnc 
Hawthorne Vvorks 1n Chicago, IUmois was able to produce crystal unit:. 
for th.,,.e de'x"" at a rate 1000 umes greater than any previous productJon 
\'olume To assist 1n the 1mllal produchon, engineers and soen11s1s selected 
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fr1>m 1he r~arch. dc,elopmcnl and sy~•tm> ., •• , ol II.ti t.rur•W<WS 
\f"'Rt frl>m lhree 10 SI\ m11nths •I lh< facton Tlw\ d<"\tk>ptd Rf'< tt">I 
foci hilt>« and produc1111n 1,., hn1ques and 1<111ls. c11ndu<l<d man1 .XJ'l'Tltnt'nl! 
w11h produc110n lols I<> 1nve~11g.11e cau~ for ICJ<"<I<. •nd m.id• chan~es 
m dc~1gn 10 1mprovt' yields By mid-1942. pr<>ductwn h•d re•ch<d a rate 
or ~4.000 unlls per d •• , .. and by 1946, a lolal of 13 m1lhon ""'" ol unous 
'' P•"> had been shipped 1u lhe m1htan· Dunng lht> ~mt pt"nud large 
quan1111cs of th• h1f;h lr<"quency clamped·l\pt' AT and BT·cul ~-sial 
umh "ere productd al \Ves1em Electnc's faohtw. 1n '-••m• •nd 01hun, 

'"" Je~}' 
Of tht' manv de' elopmenis dunng tht e•rh titan to U>Ckaw ptolduc-

111>n for the m1htarv. ll\O \\ere panKUlarh· 1mporun1 bt<•uw u..,, led"' 
tn(feased stab1luv Fu">t. 1he ouse of rapid mtbal •pn~ tn h1~h fr...qu~ 
umts was found 10 be due pnnopally to • small dl>UO<'l\t<d la1cr uf 
crys1allme ma1enal Ith on the surface of lhe quartz plait b' the gnndmg 
process; the layer could be easilv removed bv eichm~ .. uh h1dmOuonc 
attd Comple1mg lhc nnal lrequencv ad1uslmen1 b~ tl<h•n~ ll">Ulled In 
cryslal umls of verv low a11mg and increased s1abtJ11, 

The second de,elopmen1 was the 1n"'st1~oon ~I E F•1tol lt\>ab\11:io 
in lo" frequency face-shear resonators used tn tbt f\\ tr•n.m111n I'\'(..,,.., 
I tc obs<!rved that thew 1nst•b1hbes "ere all>t'd b• chln~.-. tn tlw w1u 
mount1ng systPm " The ~""'11" •kort>od from IN mu.I -..ID< duuu!;h 
the "°ldcred wire 'upport 'Ct up a fte,ure "•'t m th<"= '>Uppurb nu. 
energy could be •bwrbt.od or refll'Cled bad 10 tht ,....,,,.tor b' chmpm,g 
or 'oldenng the wire to • ng1d support al an e•m N oJd ~nrr-w•'e 
flc•urc length. The u>c of small solder weights or wpp<'rt!'. "hen rontrolled 
al <'vcn quartcr-wavctcnglhs, moterially reduced ••l•'CI:'. '1mpb6ed lhe 
frl'qucncy ad1us1mcnt operatll)n, and ga<·e 1mpr<ntd .i•b1hl\ .. 11h mne 
J nd temperature 

A' part 0£ 't~ Cc.lmm1tment tu utf~r th~ mtlJun ., nun\ pr\l(Ut~nt 
1>pt1on• as pos.1bl~. S...11 ub.>ralllO<"> publl'hN •d-.ncn in m•ul :rch 
nology 1n 1hc Bdl Sy<lclfl Tc1lu11.-l /•••niJI ••th<> • ..:n.ntd l..rh rur 
hca11un made "-"Y mno• a11on> »•1fable "' p•>!mtul wrrlwr' .. 11ht "~" 
tt'Chnology 

l V. ULTRASONIC DELAY llNES 

Another class ul dc.•v1cc' ba)t•J lln p1c1l'lit.'lt-<tn< m.att·n.11, '' thJI t.il 
ultril~OlltC del"Y 1in~\ Tt,t•1r in1t1.1I ,1ppl1c.1tll,n\ \\cft t,,, m1l1t.an r.ld.11 
)\'~terns Ot!fc.>rt• tt\c 1Q40\. '!Uch )\'\tttm~ ut..eJ tr.an .. mt1o.'l-K'n hnl""' ILJJ t1m<1: 

cahbra11on dnd oth~r J,•J,w •pph<•llon< Dunn~ 1ti.- 10~(). mtltun •••iu 
d~\-('lopm('nt bcgdn tu .,,.t;>J lon~t!'t .ind rnoi,• .i<ru•.at,• J.:1.a\> ll"' ltrrw 
\.1l1bra.tu,ln .tnd ~l.lt1on.1r~· 1.irg,·t C•J\tt.·ll.i.ttl1"f'I IJ.llft~ M.'ttKJ& ,_, 1r.a~"°'1 
llll\"' (C,lt1\1oll (Jl"I~, l\\l'tt,·J rJ1t t'h._ ) \\t."ft" lhu' ftttdtd '41kc lht'tf J"f'-1' 
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ai:anon delay is onh 10-· second per root ('>«/(1). In •ddinon. they w~ 
1.,.,s, •nd uruuble with chAnges m temperature and configuration An 
ulrra~ruc dela' lme .,,th a propaganon delay o( about I 0 • se</(t has 
ian intnnsic su• a.d\·.a.nta.ge for thes.e (unction' 

In• delar hnr. an mpur transducer con•<'m 4.'lectncal signals mto acOU$­
ncal "8"•~ rhat rravel through the delay medium at the speed of sound 
(F•l\ o-81 An o~tput transducer converts the acousncal signals back mto 
decmcal >ignals Since much o( the design and fabncabon technology (or 
ultrasonic delay lines was s1m1lar ro that for crysral resonators. Bell Lab· 
oratonl'> was a natural resource for this new area of development. Delay 
de"n" were also thoughr to be generally uS<'(ul 1n the kinds of circuits 
u~d on th~ telephone system This promise o( porenll•I application con­
mbuted to the Bell System int~rest in delay hne developmen t 

The cour>e of the resulnng de•elopment was dictated by the materul 
prupem.., needed for thedelav lme medium and (or the transducers /'.!any 
apphc•nons welt' dtgnal. reqwnng a dela)· hne m~um havmg low loss 
at high lr..quenoes and "'deband transducer.. 

Lu" los> 11 hogh lrequenoes and low cost could be achieved with onl)· 
• (,.,. "'"ang d.Ja)· media The best of these m41tenals seemed to be fused 
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r 1g o " ~1.1.y IJM tttk"rNnc ll\t Input ''"n.Wut .. ., tM\.''1n~ 
rlnmuf t>pi.al~ anto •Q,)f,l•hc .. 1 \l19l•I• 1f\11t 1r.a\tc-I 1h.1oos;h 1ht• 
l.Srl.ty rrWJum .11 rht Jpn-d "'' 1"0Und •nd .-rt C(lR\'C"tlt*'d blcl to 
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silica or glasses. which had been developed for use in optical lenses and 
prisms Fortunately, some of the optical matenal needs for homogenesty 
and co•t and some of the fabricauon techniques were similar to those for 
the ultrasonic delay !me. 

The ultrasoni<e transducer needs to be a bandpass devicoe with a wide 
band\vrdth . Early theoreucal and e•perimental work showoed that pic1.o­
eleclric coupling, a parameter of the piezoelectric transducer matenal. 15 

of secondary importance for a crystal resonator. but of primary importance 
for a delay line tr.ansducer. This parameter controls the compromise between 
transducer loss .and bandwidth. Unfortunately, piezoelectric coupling is 
small for the best resonator material, quartz. Piezoelectric ceramics, such 
as barium titanote. on the other hand, have very high piezoelectnc coupling 
These materials must be polarized with a high electnc 6eld. and early work 
was concentrated on thickn.ss-polarized material. Transducers made with 
this material ge"erate dilatational waves. Mulbple-reflecbon delay lines 
with dilatational transducers generate unwanted modes because of strong 
mode conversion at the reflecting surfaces. Smee a properly polan7.ed shear 
wave reflects w·ith no mode conversion, cons1de•able effort was directed 
at the development or shear mode transducers. This development included 
techniques for fabricating transveise polarized ceramic transducers and 
techniques for converting dilatational motion into shear motion. 

Early delay hne designs emphasized large delays per unit volum~. Com· 
phcated polygon structures were designed in which the acoushc path was 
folded to traverse the delay medium many times. The first such design 
was b~ D. L. Arenberg of the Massachusetts lnsntute of Technology in 
1950.' · In a design by H. j . McSkimm m 1954. spunous signals were 
suppressed by absorbing materials placed on thOS<? surfaces at which re­
flection from tile direct path should not occur." 

From the late 1940s to the mid-1960s, many delay lines were designed 
by McSkimm.1•·'" M. D. Fagen," j . E. May, Jr .• " and A. H. Meitzler " 
These lines had center frequencies in the range of 10 to 60 MHz, delays 
from a few microseconds to a milli$CCond, and bandwidths up to 40 percent 
of the center frequency Delay media were mostly fused quart.z or glass. 
and trunsducers \\1ere quartz or barium 1itanate ctramic.. 

Later developments included the iiwent1on or the depletion layer trans· 
ducer by D. L. White in 1962," in which the depletion layer in a Ga/\s 
p-n junctJon functioned as an ultrasonic transducer. Because the depletion 
layer can be very thin, it extended the frequency of upcrauon 10 the 
gigahertz range. Another technique for achieving this verr h1gh·frequenc)' 
performance was lo apply thin-film 1r~nidu••~ of zint o>.ide Qr cac,!mium 
sulfide to ihe storage medium by evaporation, sputi.rin,g. or pyrulys1s 
Development o f these techniques was earned out by N F Foster.' ' D 
Beecham,'° and D. L. Denberg'' between 1965 and 1971. 

In the '1950s, work on radar technolog)' led to the re-alizatio11 1ha1 a 
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dr.pttsi\e delai bne could be used to improve the range and signal-to 
nol.Sl' rano of target-tracking radars. At Bell l..aboratonl?s, May suggested 
that • delay hne using the 1ors1onal, Ae•ural. and longitudinal mode• 1n 
• wue could have a large delay dispersion '' He was able to demonstrate 
~everal hundred microscronds of delay change for a 300-kHz bandwidth 
centered around 2 Mll7 None of the other techniques being considered 
could match the perfonnance of this dispersive delay line A problem with 
tlus kind of dela1· hnc however, was the large number of other modes 
that were "eT) difficult to suppress T R. Meeker continued these devcl 
opmmts b} usang the first longitudmal mode in a stnp "" This structure 
had adequate perfotm'1net and was used in the Nike Zeus acquis1hon 
radar tests at V.'hate Sands. New Mexico and at Kwa1alc1n in the South 
Pacrfic m the late 1950,, (For more information on thas defense work, sec 
a companion volume in this senes s.ubtitled Natio11a/ Scrt11ct i11 War 1md 
Prort (1925· 19751. Chapter 7, ~cction 1.6.3.) 

M R Parker. Jr and R S Duncan'° proposed a diffraction delay li ni•, 
m \\h1th the dJSperslon was produced by the 1r.1n~mis>ion properties of 
the rad1abon field of a grating tran>ducer with a nonuniform graang spacing 
One useful structure w.- a wtodge "''ha solid transducer on one side and 
a i;raung transducer on the other, " as shown m Fig 6~9 A second structure 
had two graung transducers perpendicular to each other " One design o( 
tha\ perpendicular del•} hne was produced by Westl.'rn Electnc for the 
missile "" radar used m a system called Safeguard Thas delay line had 
a JO-MHt bandwidth at 30 MHL, with 20 microseconds (J's) of delay 
change A 75-MH1 version o( this dE>lay line, with a 30 ·Ml fz bandwidth 
and 30 µs of delay change, was developed but never manufactured. 

I H R11wen " E K Sittig.'' G A Coquin and H F Tit'~tcn," Meitzler,'" 
and H St-1del and Whue" proposl'<l a surface acoustic wave structure for 
tht) function m the <,('(1Jnd half ol the 1960~ Tht) ~truc1urc was a planar 
dc\lce u''"S an mt.rd1g11attod tran>ducer on a quart/ substrate Although 
th" dc\1ce "as n.-er u•t-d an Safegudrd, at was th<' forerunnl'r of surface 
acvusbc "'•'• de,1ce> uS<'d e•tens1vely m 1elecommun1c.111ons ~"quipment 
or thl' mad -1970s 

rhe large delay and luw loM or the alummum·,tnp d1•l,1y line> developed 
for the Nike Zeus acqu1slh1rn radar suggested that thas type uf delay line 
cuuld b1• used in a ~cqu1•ntml d1sJ1al memory. Jn the late 1950~. Fair and 
Ml'1t1lcr1

• designed a nundispersavc aluminum ·strap dl'lay line that was 
u-.od ln a high·spt•1•d (3 m<'i;abat/~c), high-capacity (I 000 bit/channd) 
ml'mtlf)' for• ml-ssage Sim~ •nd forward systt>m (•l'l' ~ companion volu nw 
in th" '>l'nes subud1-d Su•it<ll111g Tul111vlogy 11925-1975), Chaptt>r 9, S•'<hon 
b )) lht' del.Jy hn~ w•~ manu(acturt>d by Bhlcy l'lectnc Company, An 
dcr.on ubur•tuoes. •nd othN compant('S This dday hnt' had the lowt'~t 
<v'I p«r bat uf •nyd.-vocl' •-.il•bl!'at that tom1• l.at1't, howt'Vt'r. th .. device~ 
'"'r" rcpl.1ccd by 1n11·gr.1t1...t circuit (JC) ~h1f1 rcg"t"r~ 
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V, PLATED ELECTRODE UNITS 

267 

A ma1or change m quartz crystd development came m 1942 ""h the 
formation of a group at the Murray Hill, 11.c" jersey site to dc-elop a 
htgh· frequency crystal unit or the thickness·shear type by u;1ng plated 
electrodes and applying ideas learned earher in the development or crystal 
units for tel~phonc carrier sy•tcms 1' Whtie 1hc previous damp.'<l· tvped 
crys1al unit requ1red an etchmg of 1he crystal plal• surface for 1he final 
frequency ad1ustment, the plated unit could ~ adrusted lo 1he desired 
fr1.oquency by the addition or elcclrode maten•I while the unn "•>con· 
trolling an oscallalor. 111is approach subsMntially tncreaSt'd the proJuct1un 
yield or umts by simplifring the structure The method of fin.11 f1<-quenn 
ad1ustment IS shown in Fig 6-10 Most or the h1gh·frequenn Cf)•tal un11> 
u~ed tn m111t3ry ')'items '"'~Te repl.l«d br the pl.at~ urut 5.t.:\f.."r.ll nulhc>n 
were produced by ~Vestern Electnc at the Koamv. Chfton. and I b" thorn• 
focllilles. 

Several important ideas emerged from 1he pl.ltcd-un1t dt\'clopm('nt It 
was evident that the plated-unit device could ~ us.>d lo stud) in i:r<>t<r 
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f1;; 6· 10 Frtqutnc) ad1u,.1mt!i'lt for lhf platl'd u.n1t the evapor.tlor 
tn~thud 8eC"iHi.it t-ht frequmc:y can ~ mt1n11ur('d during the t"vapor-auon 
pnxts\. prta~.1d 1u.stmen1 uf Lh.:- resonator fr"-qucncy is grea1ly ~1mpllfied 
IAd•p•td from Syk6, Ptoc /RC 36 (1948) 6) 

detail unwanted response spectra, plating materials, effects of power dis· 
sipation, effects of dislocallons, and 1mperfechons in the quartz materia l, 
as well as causes for frequency aging over time due 10 a1mospheric con· 
tam1nahon and mountmg systems. 

By 1944. a new deparlment had been formed l:o work o n frequ ency 
con1rol and s;,Jcction , ft combined the exisling groups on radio applicalion 
developmenl, telephone apparatus development, and fundamenlal de· 
velopmen1 Al lhJS time, 1he nulilary needed greater quantities of beller 
cry>lal unh> 10 meet new and more strlngenl requirements for aging and 
frequency control. In addll1on, lhc Bell System needed increased carrier 
system producllon IO ml'el the wartime increase in to ll te lephone lralfic. 

Researchers 111 the new dcpartme11t undertook n complclc revisio n of 
crystal unit development and design, They olso developed a new series 

' 
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Fig b 11 Sold('r·~Jh,•d Cf)"~tal un\lj (tbu\ e). \hu"-1nS lttq\l.t'f'\C\ '""~ C:O\nt'd ti' ~ 
un11 (~•low) 

,_ 

! 
" 

• 

F1~ b· 12 CnKS. X'Cbon l'I th" cold 
\\'l•ld'"" 't,UJ1t1 m".\tAl .-n,t.. ... urc Tho f'ft­
i:-~utt" f\.•rl.an-J t hf. ""-~ -w .t.kJ ""'!.> 
WW uf thf Uf\IK s~-n U'I f1~ 0 11 

or units that wNe equally applicable to lrequencv control and us.o 1n filter, 
Figure 6· l l shows the resuh of this effort All types or rY>Onators from 
the nexure, • •tcns1onal. face. and thickn~·•htar t)"J'<" .. ..,f employed 
in solder-sealed metal containers usins rommon pie« r•rt~ •nd 1denbcal 
processing, where practical Identical types 1<ere also used for both net" or~ 
and frequency control applications, 1<ith onl)' the quartz plate d1mens1on> 
modified to meet particular impedance requirements Shortl) after the 
completion of the standardtuuon program. tht nuhLlry •<«'J'ltd th• meul 
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l'nd«•,ur" d1!1.1g~ ~nd called for their use on all nl'w commun1cabons 
t'qU•pment \10>t of the CR-typt' m:htary crystal unn codes o ( the nud· 
1'170, "«e denH'<I from thb ongin•I sene. 

The ~ndO'urt-s shown in Fig 6- 11 were later replaced by a series of 
«•Id "dded nrcular t)-pe> (0Jlow1ng some of the technology developed 
tor tr.n'l~to" ' Figure 6-12 shows the cross Sl'CllOn o ( such an enclosure. 
and thl' lrL'<!Uency range co»ered by each type o ( crystal unit appca,..,. in 
fit~ h-1 '\ Thl' (ac-t th.:it Cht> encJOGur~ ba5e ;and cover could be hydrogen 
lirt-d pnor to u.o;e, plus the fact that the unit could be vacuum sealed 
follnwin11 fin•I ad1ustmenl before being exposed to a contaminating 
atm1,..phl•re. solved most of the problems associated wi th long-tenn fre­
qucnr\' dnft 
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VI. l'ltECISION FREQ UENCY CONTROL 

Ounng 1hc development of the h1gh·frtquency pl>trd OV\t.al unit. and 
parllcularl)' following the mtroduction of hermetic•ll) sealed •nclosure.. 
11 appeared that funher investigation should result in • unot of higher 
stability and p recision than the IOO·kllL CT·plate hequtn() standard 
dcvdopcd cMher by Mason "Experiments by A W Warner, II f Somme!, 
a nd Ma<on" 0 on highly contoured. fifth ·<ivertone th1cknns ~hur modes 
at 2 .S and 5 MHz yielded unots of very hogh Q and stab1hrv. "1th '1gn1f· 
icantly reduced agmg " Figure 6· 14 shows an urly modtl of ont of th.,., 
crystal units The mounting and surf a« loss of 1his urut "'•" rtducrd 10 

such a degree that ti could be used to measure the 1ntnM1C loss ol 1he 
maten al Figure 6· 15 shows the most probable loss m natural quartz as a 
£unction uf frequency, with measu rements on selected fifth ·OHnone re­
sonato" Resonators of thlS type were used for a numbtr of ,.,.,. to 
evaluat\' the quality ol culturrd quartz (Stt se<llon \'Ill). p.imcularl~· for 
Q \•alUC> or I to 2 rrulhon or more at s \ !Hz The mfrared technique . • 
much simpler and faster method, could be used for lo".., Q ulues • 

[ 

, _ 

I 

J 

l II( " I• thfl,h rrf'\l•l~•I\ 2' \1llt Wl"h°"1fJ 'n~•l titftlC '!'or.a\rl~ dlf 
""II 1ntll \\n ,.\ .-,v•14"J ~,.,, rn'Ml•J'I' •mrh•\...J 1""1o1•n..' ''•kl.I\ 



l7l 

• 

~ ... 
' ' ' ' ' 

Cng1nttnng and S<rtntt rn th~ s~11 S¥SIC'M 

• t- ' I ' v t""U~t·.·1.--...11. 

' 

·-
-

' 

' llhCfiC' ih,1'1S, ~QA QuAllfl 
,,1 • ,, ·•oo'i •.,. ll)SS 

' ' .( 

.. 
•tt .•. ,. 

I l J 
• • 

' ' ' ' ' ' 

••• ... 

' .. It 9 I~ 

Fig 0 -IS L."4i 1n n11ur..aJ quArtZ as• funrtH:1" ul fttquMC')' 

As the de,.elopment o( the lugh·frequency preas1on umt brought lower 
aging and mcreased stability. 11 ba!amt> necessary to develop bl'tter nsollator 
o rru11r)' and precise temper.rurt' control in order to measure the resulting 
a.tnpro,ements "Subsequent ad\'ances in the crystal unit came about with 

th~nmxomprns1on·bonded. $tram-free mounting nbbons, final adjustment 
1n an od· lree ion-pumped system, and vacuum Sl'ahng an cold-welded 
enclosures that were hydrogen fired pnor to use Further improvements 
w•re the use of h1gh·gain active elements 10 give very low cryslal current 
and double-oven propomonal temperarure conlrol The resulting precision 
osollators were essenbally dnft free, and frequency changes were of only 
• long· term natu~ Even -.1th the development of atonuc and molecula.r 
frequen0· sources. cry>t•l·controlled osallators still play an important role 
m ffl'<luency stondards Figure 6· 16 shows a rompanson of the performance 
of crystal-controlltd atonuc and molecular frequency sources as a funcbon 
o f measurement penod For penods less than one nunute, the crystal­
~ontrolled 0$Qllator remauu ~upenor. 

• 

-
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VII. MATHE~lATlCAL MOOEUNC Of MODE srECTP.A 

\V11h the plated high frtqu~ncv cn·stal unit. dtUlltd rtwrun« •p«m 
could be >tud1ed bv the simple add111on of m.lSS tu thr rl<'"trlldt i., th< 
cvopordt1on process. subSl'quenth·. suffietrnt e>ptnmtnt•I d••• "•s ob· 
lolined to set up o mJthemaucol mod•I of this compln probl<m R D 
M111dhn'" or Columb1J Universal\' Siuda~ the d•U In thr Hrh IQ50. and 
>et up boundarv cond111on\ that S·"' th• 6111 wtt>f•\lul'\ m.uh.m.anul 
\ulu11on 111 the cuupleJ h111h frtquen" 1h1d.n"'' >hur •nJ flt,ur< mild., 
F1i;ure 6· I; sho\\ s • comp.in<o<>n or theon •nd "~t•I JJU 0'<< • 
\\ 1Je r.inge u( d1mens1onill r.ittM. A furthtt tt'\t~n~l\11\ h.1 tlw unJ<ntlndll'.; 
ul the mode Sp<.'(:ITO rroblrm wa,mJdr11\ th•rJrl\ t•Q!h b\ I\ j >p.ncn." 
whu applied the ll'<hn1que ul X r.l\' toposraphl tu th<- ,!Ud• ul -nun 
pdlt4.•rr\::. 1n quart1 t>l,\tl'~ l\."'\1lt1ns from rl1"'.soUno1rkt."\ .anJ 1mprrrft'<t1on) 
l'li;ur.• 6· 18 , h ows tlw mon1• row1>.1nt<'S ne.ir th.11 .,f th• pnnnp.il h1~h · 
rrn .. 1ucncy th1~k1ws;·:.he.u m1>de ,\( 3200 ~~17 Tlw phvtvi;rJph' uf th• 
~1r.1i1\ p.11tcr11~ f<.,r t1'1~ n\od~s \\'ere obtained b\- Jn\-,n~ 1ht1 ,.r\\tJI pfll~ 
bv •n oscall ,Hur •I thl' porticulor froquentv Th« f"ll"'" Ju<•~ th• •1?J1n 
11\du1.:t.•d b\· the n\llUnt1n~ \\'->tem 1llu~ttiltit tht.> wn,ttt\1t\ r.1t th,· m,·chod 

ft11ltl\\ 1ng mlln\' '''J"-'nnlcl\t) .JnJ \ r.l\ '''r'~ri1rh.' \l1ndUn .lnd 
~l"'-'''1.:er1 "" ''-"'rt.• .ibl~ Ill f\lmlU1.lt\' .i thn>n· to .,i.,;-coonl t"' thnir "'°'\.' '-'""rfn. 
m"'I'" in the nm! I q~(l, Oth<r ".,,i-.,, <>t•·nJ...J the- 111<\>n ro 1nduJ• 
th" clfr,1 ul cncri:1 tropp•ni: ' Th< •rrhutK>n '" thl> '""'" •nJ th• 
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f kl( 1'1 ·17 C.:1.1fl'IJ"f'be•nCll theuy41nd~pcnmtnt"'I doltol 
tor rt'o,(1n,.n1 f r,oquC"oon e>r the fl"\ en mod(*li of v1bro1t1on 
1>1 •" AT C\11 qu•tt1 plait. lmgth \ •n~ from 25 tc> 
.! I ;, malhmrt..n.. .-. 1th n'k>dt- nu:rnbcf ., r.ar.1mt=tt"r 

dn1i;n h.>ehmque> dnelo~ an the 30 )·ears folloWlng l'Vorld War 11 made 
1t p0Stble tu obtain a h1gh·frtquenc-v crystal unit with effecllvely a single 
rt'Wnanc.. an ach1.-<m<nt thought nearly 1mposs1ble a> late as 1965. 

Dunng the same penod that studies were conducted on the htgh-fre­
qu•nc• mode spectra. the s.ime lond of data was accumulated on the low· 
frequ•ncv •~hms1onal. fl-.ure, and face-shear modes While the practical 
probl•ms assooated with the app~cabon of crystal units to wave filters 
"•re not as ""'ere •S tn the high-frequency case. certain empmcal rules 
Nid to be established /or dim•Mtonal rabos to reduCf' rt'Jttt5 with unwanted 
""f'Onse> £, •n though a ph\''lcal model reprl.'S<'nung the low-frequency 
mode> had bnon po>tul•tt'<l com.'Ctl\· and emptncal fonnulas de,·etoped 
tor thnr use. tt '""not unttl Spt'ncet's wor~ on the study of mode shapes 
u>ing X-ray diffraction tl-<hn1~ues m the early 1960> that ;i mathemahcal 
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Fig 6 J 8 Stf.Jln p.tlt~ms. •~.!l()('t.•I~ \\1th tt"tOn.lnlM """' lhr pnnap.t.l th1' l.nn~ \h""' 
modt' ol •n AT cut qui\rt1 pl1teo at 3200 kHz. \.hown by X ,,,~, 1upo,;;r11ph~ IC,·rbt-r .lnd 
>y~<>. PN'c ILi/ 54 pqi.6) 1071 

solution could be found " Closed-form soluhons of coupled e'tenS1onal, 
fte,ural, and width-shear modes were obtained for thin rectangular plates 
"1th free edges by P C Y Ll'e of Pnnceton Umvers1ty · This analysis 
agre...d closely with exJ"'rimcntnl data, so after a search ol more than 30 
years, a firm mathematical foundation was laid for the design and apph · 
c.ation of pteloelectric cry>tal units 

\ 111 CULTURED QUARTZ GROWTH 

Dunng World War II , 1ht- Import ol nJtural quartz from Br.lll was 
threatened because of submatinl' attacks, and 11 bl'came appa«'nt thal the 
supply of natural quartz would not be adequ.itc for the expected e•pans1on 
of 1elephone ca mer system' In parhcular, substitute:. were net>dl•d for the 
large quaru crystal plates '"ed tn channel filters (60· 108 t..H1) A~ dt'>CUSSt'd 
m • comp•n1on volume )Ublltl<?d Pl1ys1rJ/ S<1rtirr> (1925 /980/, pp. 529· 
530 and 576, alternate p1e1oell'ctnc moten.11• \\'Crl' develop<.'\! 1n respon>e 
10 these needs These Included "mmonium dlhydrugen ph11sphaw (ADI')'• 
4nd ethylene dlamine tartratl' (FOT).'' Crys1.1I umts m"dt> with EDT for 
ranier telephone chaniwl filters performed acn•ptobly '•' !>1nce this rn• 
1en.JI was waler soluble and ~ofl comp.nl>J to quar1z. enllr<'h· dilferen1 
proc~s1ng techniques had to b4' develoP"d for crystal un11s used m the 
ch•nnel •nd b4 ·kHt pilot fill<'r> Thl' complclcd unll•. howt>vor "ere 
interch•ns"ablc with thu~c lhcy rcpl,,ccd 
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\\ hlll' th.~ ''or._ ~·i-. 1n pr~r .. "'S), t!\pt.•nmt!nb '"''ere tn1t1.lt\.•d to gro'' 
qu•nr b\ IM h1 dto1h..nNI P""'"'' rt'J'OMt-d 1mttall\' b1· R "l•cl..en 1n 
C.-nNnl .. Ttthno<JU"' '"' lht \UCC<">ful ll"'" lh ur OJhured quarl7 '"'" 
J,.,, l11f"'.J ~·t\\rt•n 1~'41'\ .anJ tU~b c·l1m1n.1t1n~ tit'-' nc:t."1 (.,,r .1lct.•m.it1\, 
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rnatenJb. (For a general di..cu,,km of cry,tal srowth t<~hnolog)'. x"' Ph•·· 
1ral Srr~11us (1925 1980), Chapter 19, "'""'" I I) 

At high pres>ures (about 1000 atmOl>phert'l.) •nd ttmp<'r•turfS (•bout 
450 dcgrcl!':t CJ, t.JUdflZ 1::. soluble 1n woti:r Fi5urc 6· 19 shah'> th~ h)"drv· 
rhermal process, in wh1ch quartz is grown 1n an autocla\'e, \'.·he-rt the 
nutnent (small natural quartz crystals). placed m the lower portion of the 
autoclave, goes rnlo solution and 1s redeposited on the ......Js held an the 
tup porllon. L<irgc-s11.c cry>tals can be formed an thts m•nner 

l.liirly cXJ'<'nmcnlS yielded matenJl with high JC'OU>llC '°'""·"'en 1hough 
the crystals lc.>ked clear optically J C. King studied thts prubkm bv 
n1t,•a!otlJr111g 1 t,,. Q of th1ckness-?Jl1c:ar .. typc rl~nator; O\'t'f .J "-.de tc.-mp.>ratur .. • 
range.'" I l e foJnd that a m•1or rclaxahon )'t'•k .,_,,ted al• tempetJture 
of 50 kelvins (K) and that a general backg10und l0>s pe•~<<l •I 20 K Tht 
peak at 50 K was found lo be due to a sodium nnpunty This peal cuuld 
be removed by clectrolytrcally sweeping out the -.odium orb) replacing 
It with lllh1um during the growth procl'ss of cultured quar11 .. Br l'16b. 
the commcrdJI growth of cultuwd quortl had P"'!lfl."~od W • point th.it 
nll <1unrlL device>, except those r<'qumng the hi~hl'>I (req•enc\' ;rab1htv, 
Wl'rt• 1nJdc.• witl1 th~ culturt'd matl."nal • 1 •

1 

IX. MONOLITHIC CRYSTAL FILTERS 

The history of high·lrequcncy cry.ial unit de\'elopment for...., m filter 
networks pnrolleled that of oscillators The unwanted and anharmon>c 
modes 1ust above the thickness· shear resonance procluco unwan1ed uans· 
mission bands that make the design and use ol filters more difficult than 
oscillators; in an oscillator, these modes can be J\'01ded beca...., their 
impedanC<' 1s u•u.11ly hl&hcr thnn the main shear modt 

The Arst application ol th1ckncs~·shcor mode nicer un11> ""' for the 
2064- and 3096·1-Hi p1lo1 filters for thc LI COJ\IAI w>l<lll "h1ch """' 
developed as •arly ns 1935. as mcn11011cd In secuun II F11,'1lrr b 20 'huw' 
the crystal plnlc and electrode arrangcm,'llt of th!"t' fihcr< \\'hair th<· du•I 
electrodes on on•' side of 1hc plate produc<'ll svmmetnc " "~11 ., •nil 
sy1l1mctrlc '1nharn\on1cs. the unbalanc,-d n~t\,·<-•rk .l\'("IJt..J the U)f.' (•f tr<>n'· 
formcN tlnd \V.>N &11t1sfilctU')' (l>r tr.\n~n,1c;.>1<.1n 

At ll\c llttt\', 111\.' l')'hr1ct tran~(c>rm\~r f1llt•1 ht•IJ s:,1,•Jt\'f rr,1m1...,·.' 1 .ind 
devdopmcnt> uf high-frequency t>ond Alton. lollo"<d 1h11 wurw for 1he 
nc'l 30 )'•·'"·They were >t1l1 m u>e m lh< mid 1470. m "'"SI< ,,Jd••nd 
r,\cliu comm\lnit!atlon et1u1p1ttl•nt F1s,t1t .. · 6·21 !.h.t,,,, tht· whmuu, ol lht.' 
l'lybrid tr .,n~f crmcr f11t~r '''1th 1t\ ,•lt"'Clnc.ll t'qui' a1eslt IJtn\~t" Thl• J.J, .ant.i~t-· 
o( the hybrid coil Jpprn"ch "''" thal 11 S"'" a "IJ<r b.lnJ. •nJ "'' u•mg 
r.ev,•r.ll 'l'\:"ti<>ll'- in .;\•M1.•'\, tll\" tan\\'Jl\tc-d mt.xi\• rr~1blrm cvulJ ~· ~''"" 
by displ"d11g 1hc'c mod~' In 'u'"''''ltng '"'"""' 
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In 1965, upon exammmg resonance data on rl'SOnitor pallS, Sykes and 
\\ O Beaver noted that the separation of the symmemc and anhsymmetnc 
modes o( electrode pairs was controlled by the size, mass, and spatial 
separation, and not by plate d1mens1on alone. They indicated that it would 
be possible to produce a monolithic wave filter of controlled bandwidth 
"'th such resonator paus •• •' The improved theorehcal understandmg of 
the unwanted mode spectra and the introduction of the trapped energy 
concept discussed in section Vil helped in understanding these observanons. 
Further theoretical work by Spencer on wave propagation and by W L 
Smith on network syntheslli led to the mulnresonant monobth1c filter .. 
Figure 6·22 shows an X-ray topograph of the modes 1n as,. resonator 
monolithic filter at the critical frequencies of the filter structure, In Fig. 6· 
18, we saw similar modes. but they depend on a single electrode and the 
crystal plate dimension In other words. the anharmomc modes of Fig. 6-
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IS are .t!I controlled bv the plate dimension alone. wheTeas those shoh·n 
tn Fig O•n ore the anhannOnlCS Of the eJectTode array. Which Can be 
c.mtrolled and placed at the cnncal frequenoes of the filter II was. therefore. 
a strange tum of fate that gave us control of these modes that for nearly 
30 vears researchers from many inst1tut1ons had tried to eturunate. 

This work on multieloctrode devices culmmated in the development of 
the c1ght-...,,.onator monohlh1c crystal filter s hown in Fig 6-l(b). which 
"as mtroduced into manufacture m 1972 for use in the A6 channel bank.•' .. 
The eight-resonator monolithic crvslal filter was still being manufactured 
tn 198~. when lht.> book was being prepared for publicahon 

~ CONCLUDING REMARKS 

This historv covers developments or pielOeleclric devices through 1975. 
Smee then. JCs have reached levels of complexity that permit complex 
6lte< functions to be realt.ted in an IC. Bui this realization 1s not possible 
without the prerue frequency reference o( quartz resonators. Thus, the 
complex filters described in this h1Slory are more and more being replaced 
b) !Cs supported by simple quartz resonators Bui because ICs can perfonn 
comple• functions very econom1cally. they have also opened up broad 
new rnarl..ets for quart1. tl."SOnalors. such as the ubiquitous quartz-controlled 
watch"' and d1g1tally tuned AM/FM receivers of the 1980s. 
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Chapter 7 

Relays and Switches 

As the Bell System moved from ma1111a/ lo automatic switcl1i11g, relay tecli -
110/ogy played a key role i11 logic, memory, and switclii11g f1111ctio11s previously 
perfomzed by li11ma11 operators. Research and development efforts focused 011 
reliable and i11expe11sive relays a11d switches to handle tlie demands of tlze 
rapidly growing teleplzo11e system. The 1111mber of contacts per relay was in­
creased to permit more complex fu11ctio11s, while the fi11al assembly was simplified 
tlirouglz the use of pre1110/ded s11basse111b/ies. Sealed enclosures improved the 
quality of relay contacts. As semiconductor devices started to perform the logic 
f1111ctions, tlzere was a demand for miniature relays compatible witlz tile physical 
design of semico11d11ctor e/ectro11ics. 111 other developments, crossbar switclzes 
replaced panel and step-by-step switclzes, and later the ferreed switch was 
designed to provide the switclling patlz i11 electronic switclzi11g systems. 

I. INTRODUCTION 

ln 1925, the Bell System was serving about 12 million telephones. Manual 
switching was stiJI dominant, although automatic switching was being 
introduced. Two types of automatic systems had been developed in which 
the talking path was established by special switches: step-by-step and 
panel switching systems. In addition to these switches, general-purpose 
relays were required to perform various peripheral logic functions. 

The development of these systems is described in the companion volume 
The Early Years (1875-1925). Another companion volume, Switching Teclz-
110/ogy (1925-1975), covers the system developments after 1925, while this 
chapter covers the relays and talking path switches for these systems. 

As of 1925, Western Electric was manufacturing about 3 million relays 
per year. 1 The E- and R-type relays were the general-purpose relays of 
the period; they used punched parts to permit economical large-scale man­
ufacture. Contact springs were stud activated and single contacts were 
used. The relay magnet was capable of activating a maximum of 12 contact 
springs-4 transfer (break-make) contact sets, for example.2

·
3 
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Dunn~ the ne\t fi, e dec,\des, the number of Bell Systl.!m telephones 
llf"'' to mow than IOU malhun, ml"<'.h a mLed switch ing alm<1st compld•'I) 
dlspl:iced manual '"ikhmg and the dcm.1nd for relays increased dra­
mabcalh Bv l'liO. \\'...stem Elcctnc wa. manufactunng more than 80 
m1ll1on rt!Ja,-"'> per v~ar 

In JdWb•>n to mcrea>mg thl' n<1ed (Qr relays, the evolution and <!xpansmn 
lll m<'Chim1z,-d '"itching al5ll led to mur" stnngent demands on relay 
pcnormanC\' A> rdan and othl'r elec-tromcchamca 1 devices too l.. ov.-r logic 
and mvmon !unctions formerly performed by human operators, the av­
cragt> number of rclav operabons )X'r c,\IJ also increased dramatically. For 
e\ample a manual line (m which a n operator selected the desired Imes 
of both calling and called customer. rans the s tation, checked for busy 
>11;nab and S..ept track of charges) nL>eded 2.5 relays per line. The m ech­
amled >tep-bv~tep line of the mid- 1950s, on Jhe other hand, rcqu1Ied 
"''en rday, Th~ ~o 5 '""''bu svstem of the same period needed 30 
hme-. the numb<:r uf rclJ\'S perlorming over 12 time> the number of relay 
operataun ... per t~ll 

The mcrca>mglv l.irgc capital invt.,,tmenl requ1r.-d for complex automahc 
"'itching machm,.,, diet.lied that the w.dul '"rvice lifo of s uch machine> 
be mere.bed abl.1 Conseyucntlv, where a relay life of I 0 million operations 
hJd bl-.:n adeyuJlt.' m the <orly ma nual >w1tch1ng sy>tems, some Jnter 
rdav~ had to operate 100 mllllon umes in step-by-st~p and panel syste~. 
and .b many,, I billion um'"' In crt»sbdr .ind el.,ctronic switching systems 

At the >Jme ltmc, the >w1tchin& networl.s u;ed in the talking path were 
undcl)\<lln>; dramahr changes The early step·by-step and panel sw1tche> 
w<re replaced b1· CTIJ»bar S\\1ld\l's, which were incorporated into s witching 
"stem> with common control units Hermetic.illy sea led ferreed contacts 
b.:<:ame the basic building blorl.s m the swotchmg networks for electronic 
~"·1t1;hang ~vst.:-ms 

II . EXPOSED-CONTACT RELAYS 

Dunng th~ fir.t h.llf of the JQJU>. development >tarted on crossbJr 
~\,·1tch1nJ.l !l.\'~ll•m:. u0i1ng ~ m.itn\ !t'''itrh 1n the talking pJCl' (s~e ~ect1on 
I\') Jnd J common cuntrol unot for ~>l•bhshmA ronnectwns. Because the 
cuntrvl unit i; shared b1• many users. It 1s h.,,\vlly used while e xecutoni:; 
cvrnphcatl'<l lvg1C Rt'<Juirernl'nt• 101 a new fom1ly o( gt'ncra l· purpo><! relay> 
tu ml'ct tht"" needs k>d tu thl' dcvclopnwnt of thl' U typ<! rcluys (Fig. 
7·1) Cump.ued with the earlil'r E- and l~-tYP<' rd~ys, the U-type re lays 
prulldl-d up to tWl<l' ., many contJ<tS J>N ml.•) , ( J~ll'r operallc)n, generally 
more r"l••~ll' cuntJru, •nd lonJ!er hie. I he U IYP<' rduy 'ontmul'd tu lc.111 
htJ\"llV on punched pdrt>, 1ndud1ng Adi, 'IUd·JCtUJtl'd tunlJCt >pring~. 
Butt" in cuntJcl> ""'r" pr11v1dl'll, .ind one spnng of "~ch p.11r w.\~ b1furcatt'd 
tu pro11d•• • dl'i;fl'l' u( lndrpt•ndem" be11vcl'n tlw two cor11.1ct~-,, form 
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ft>t 7 I ·tnc- thr1·,· typn f..•f ~irM1<1l P.'r" M.l~ ck ... lgpnt~ 1tw ~ fn;Go l~:i:. 
tu 1'1\? C•> The U l'tr-" ..,,.,. the-""' lkDSt..c.mrdai\ tof1!11'1a> rawi(U!Uftt.nd~ 
<•,,,t.t't ~rnn~ Chl Jhl' l.8 1-.pr -..,. ,..., hnt w u~ urd 1t'lirDt ~.&.."lid a.. AJ I\?" 
(C) W.l't lh•· ftr')I of 1kt• ..... ,," .. pnnJ: tt"''t• 

of n·dund•ncv 111 oncrcaw cunt•<t rdi.lbd1n· • \l•nul ... 'tllttoi L ·l)f'' t<t.,, 
started 1n 1931> 

A d<•c.ldl' l•t•·r. tn ,, refinement 1•1 the li·l\p. ,.:~, d<'r.:;n •tlld octw· -. 
w.h r<'placcod by ""J rdca!>C JCtUJU11n on the LB tip.· r.i., (.rd .-nut>an 
\Vil' dt\ 1mport,1nt ''''J' tn 11nprt.1\"tnf; tt>lt.1bd1t~ b\ 'ubr.unlLlll\ Jf\."Tt".l"in,& 
ll\c l\'lld'-'n()1 o( ,,.,,.lr ,,_, n.-JU(l' ct1nt.i~1 f.,,rc.t.") .a.nJ ~ rc-duang 1lw t~ 

o( n>nt.lct> to lu .. I. m•..:h.>nk•ll' v.h.n P'r •nJ<r•:,,. mNOn "'"':r.,J 
!hi; 7 2) Th1• d•·••i:n •l\U pe1m111<d a 1 .. ngn •kot m th.- t>uorc••rd ~1.r. 
!tpr1n~'· lht:rt.•b\• tncrl'a.,1ng lht· 1nJ\:pc-nd1.:n(1· ol the- t .... tn Nnl~t~ i.lnd 
further 1mpro1m1; th.·or r<'h•holll\ 'II•~ ;.)) 

1 h•• A F· typ<' ''or.• .,prini; 1<'1•1 •. th•· """ ~<ntr•ll•m ul ~'"' ,., f'"'po!<' 
r~1 Ll \'' ,\ 1~ U\(:d c;-1 rd -rcl-.-.l""' Jl tu.at1,,n .anJ conttnu<J tlk '"r('ft.J 'k't b-.: thc­
lJ l\'f'•.' rda\ ul pr<111d•ni: .001pt.·1<h 1nJq...,,J<t1t """' conl.ln• "'°'c 
ct1n1ac--tG. p...•r r ... ·l.\\ '' ttcr\· ''"\UIJ\.J \"tlhl·f '''" b.lt1

1 n Jr..m 'r f.a\-tt'r C't'­
cr~t1,>n* ~r~.ltcr ,.tlnt,\ct rt·l1~~111t\ .ind lon~,·r mn:h.an1<~ Ltt lf1g i iJ In 
.sdJit1&>1'I, tl\t.l \\If"' 'l'""J; d'"''~" J't1rnt1tt,·d ,,ub-+t.an1tll :,.Jum~' an rh'° 
JnlUUnt o( h.lnJ tab<1r <•"!Ulr<J ht J1'<'mbk· •1.J •Jtuil J r<U\ •n rrnp><WI' 

l.idur 1n hot.ltn.; d••"n th~'"'' "I td11'h"'" •'lf~I dunn~ the n;r..i 
''°"' ,,f ho11rl\ ,,-,,~"~ f-.-.ll'''''"h \\,~rid. \\.ar ti for 1 um;'(' ,.~ tht' 
.. , .. t.•11\ bl\• <.>f ,1 U l\pc.• rcl;a\· rt'{\11rt-d lht t1i11'\Jhn'° ut m.Jn\ 1n.!1\1ja.i: 

C.:t1tll.\t.I "'P''''~"· ''''ul1\tt1~. bt1;h1nl-\'- .1n,t "'"'''\'' tht> C'\tnt.a:t 'J'fl"~ .af'kl 
11i-.\JIJttlr-., lt1r '''' Al t\'f": tl'lil\ ,,,.,.,. P'"-'''J\oJ'" nwldN wN»emN10 
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F1ii; 7-2 Actuabun uf cunt.)ct spn1l,SS (J) .t.nd (b) 11lu!\1:rate 
!ltud .1c1uat1on of 11 num.illy upen con!act in a U-type rcl.:i.y. 
\'\1thout llppl~ed pmsure, the spnng c"'rryn'l,g tlte moving 
ronlae~ is Ff()S.ltit1n1..'<i .1"'.iy rrom the 6Jo.L'd ro.ntact. A stud, 
mu..,t.-d b) 1h.: llrm.iture. prt')se-; ag.i1Mt the con1<ict spnng 
11 shurt distance b,•hJnd th~ cotil.lCI to cl~ the contJcts 
\\1 h1tn the rcl.ay rs Upt't,\tc:d In this ca~. the dC"!io1rt'd co111act 
fo.rct' vf 20 co 30 gram~ 1s dc\•clopt-d by a spring dcOcct1on 
oi iilxlul 13 mils (c). (d), .lnd (eJ dlu~tr.at.: lhl;;' card-release 
ol1Uo111UU Ultt'd 1n tht.' LJU .. t)'pc' n:lay I fer..-, \'o'"ilhoul an ~;x­
lcm.tl rorr(· tl'e "'ov-u'>\ contan spnns U. pc»it~unl'd agJ1nst 
1hc tlll.cd cor\l<lCt Tu produce thr dt.-sln-d ('(11,l..)Ct lorcc, th 11.• 
un('onstro11nt..-d spnng hil!ii o1 dt'fl1.'Cllon "' aboul 2-94 mils 
V..'1u:n thtt ttl. . .a) o not u~tuah.ICI. lhl' tJrd holds the movable 
cont.ac-1 !\\\'~>· fn1m thl' 6Jo.cJ conlolCl When the rclJy I!> 
Jt.lu.lll>d. lhC' wrmoa1ur~ ptl~~ the ccJrd h)\.,..1rd th\." fi>.1.•d 
t.unlll<I. Jllvw11i}; tht• wnlact~ to clos.to Tht• t;.Jrd no longer 
touch"' ... chl• lUfll.tC'I )pn1l~ v.•}'l~n tht.> n'l.:.v I.) fully oper.lled 

so thot th~ •sscrnbly up,•rator hJd to handle only two or th rel' wir<! bl ock~; 
• 'P"''f: clamp tuvk the plJcc of the screws. Moreover, a considerable 
amount tif 1nd1v1dual spnng ber1d1ng '''(\~ dorl~ to oblujn tilt.' des1 r~d C<>11tact 
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lttr.:t.~ and ((.)OW(t .~i1~1n.; 111 L· t\'P.: n·I.~\'~ In tl11.• ,,·1n• ~pnn~ rela.\'S., on 

the other l\Jnd the n>mbmatmn of i<>w·snffne;;,, mo' able spnngs .lnd 
i.:ard·r ... ·l('.lx.· <t(tuath.1n a\•01deJ the need f,lr anv contact force- adiuslmC"nt. 
""d J .1mple ma:;_, adrustment was suffinent to m~t the gaging requLre· 
m•'llb' • · R'-'gU!ar production <ll "1re spnng relays ~tarted 1n 1952. reach· 
1ni,:_ d pea~ IC\CI 01 O\er 4(l mulion m 1970 

B1 the late 1950,, inte~t shifted from electromechanical s"1tchmg to 
"k'Ctron1c >1,1tchmg Semiconductor d<!l'iccs were beginning to take o'er 
the logic functJons that were performed by r1.>la1-s. and there was httle 
~upport for developmeni 01 sbll another generanon of general-purpose 
re la vs. 

Ocspne the inroads of semiconductor devices for logic functions. how­
<'ler c1rru1t designers continued to sp.Ofy relays for many sw1tch.ing func­
bons. parttcularll where very high speed was not requir..-d. where a very 
high rano of open-orcun impedance to closed-arc:uit impedance was 
ne.ded, wher~ elecmcal isolation from other circuits was important, and 
"here 1t dearly "uuld c~t less to u.se relays than to use semiconductor 
de•ices.' Ctrcwt> bt!came mixtures of comparatively large relays with much 
smaller !>em1conductor de''ICCS. resistors, and capacitors. Jt was aw~"vard 
to implement >Uch CJrcu1ts on the mcreasmgly popular printed wiring 
boards. for the protruding relays prevented close spaong of circuit packs 
art t:qutpment umts. 

The response to this problem was the development of smaller relays 
that could be readil)' mounted on pnnted wtnng boards: the MA and 1-.18 
f.11rulv of relays [Fig 7-SJ The MA-type relay was about one-tenth the 
,·olume of an AF-type '''Ire spnng relay and was available with up to four 
transfer contact sets The shghtlv lari;er MB-type relav was available with 
up to six transfer contact sets'" 

The MA· and MB-type relays w<"re developed on an urgent schedule 
as part of a ma1or effort of the Bell System to reduce the size and increase 
thl" ruggedness of eqwpment installed on customer premises in key teae­
phune Sl'stems The relays had to be manufacturable in large numbers at 
h.i" ,u:,t and w1th11ut e~c<'SSiY~ pr~pilr•!Jvn ttme or expense. Flat spring 
design• were chosen tl'I a101d the e•pl!nse and long manufacturing prep­
ara11on nme assooated with the molded'"'"' blocks for 1\'ire spring relays 
A number of the desirable features of the wire spnng relay design were 
u11bzed. however. including card· rdcase actuation. lo,v-sllffness preten­
s1oned ;pnngs, twin contacts. and coplanar ~pnng groups to s1mplif y man­
ULfacture. Some of lht> compromises that were made to m1mm1ze manu­
factunng cost limned the mechanical hfo of the MA- and MB-type relays 
to about ten rrulhon operations Although thts fell far short of the life of 
AF-type w1rt> spnng relays, 1l was ad<?quale for the key telephone ~ystem 
apphca11on Manufacture of MA- and MB-type rday> ~tarted in 1962. 

Anolh~r hne of ~mailer relays, the miniature win: spnng (BF through 
B-M tvpes). was developed to mt1el tllw more stnngent perfurm~nCl' r..--
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f1~ ; 5 Thl'l"f' l'f'°"" ti l'NfUAtut'(' 1;C"fk"'l'Al r"'l'"". n.-LI.~,. lhrt f'ttJ\ l\f• ,., •rd fl'• V.• 
1'1"' ~bl WA" S..1 ,,.,nt.1d ~.:"- 1hc- BF t"'F'f' C' \ .,.\C""I> ""'"' 'f''m 

qulrcments of ri'lf"ltT,-,1 t'lffire 3.f'pllcatu.l1,,. Thi!. J, ... 1>;rl ultfi/4-d ""•r, ~rnr,,, 
technology and a more l""'erful m.ii;nce than th< \IB llpt'llw\ r~ .. Bf 
t)•pe rela~· ,,·as equipped ,,·1th up to ~1' trJtbfl'r c-.1nuc1 \t'-1.,.., •r.J '~"' rr~ 
chan1ca1 life ''as about :?00 m1111on ''P'-1ral1t..'n' \14nuf.a<tUft ~·•n('"id 
in 1965 

In re$ponst> to recumni; needs for r<lal's ha\lni; t\t'fl ~,,.,,T rrvnk­
than lhe l>IA, 1'18. and m1nia1ure wu~ 'pnni; hi""' 1hc L\\ .nd l I' "I"' 
relays "eTe develo~ They pn>1e<:t"! n" mllrc than ; ~ inch •b"'' 11>.­
pnntcd \Vtnng board on '''h1ch tht'\' ,,•.:re muunh .. .J Jnd r1t1\a.j,-J '"P t•' 
eight transfer nintact sch; manufa.;tur« >tarted m 1'175 

Still lower in profile was th~ LR rel>1 lam1h \\hllh h•d up t" rou· 
ITan~Cer contact 'ets IF•i; 7-bl LR-11 pe rel•~> u-...J Oa1. b1tur<i!•·J •r·~.O 
stamped from 'Pi nodal .:oppt>r alloy ,t,-.:i... and .-ould re a--..·:11~ l.-J """' 
by hand or aulumaticail)' · ln ""'!'<"""tu the ,.h.,ni-;m.; d<m•nd· !u< M.." 
brllught on by th" rise of <'k'<tronk '"''t.:hmg mochlR<">. a lit.-"' tu md!o<J<\ 
o~rJ.t1cns '''a<i ((1ns1d .... rcJ -.,.1ttsfJct'-~n·, but tr..in1t.> ''"'"'~r-Gtutt.• c..·: :I--"' r<w­
~l1d·!iotate ~y ... tcm ... reql1trt..1d re\a,· OfX'TJtton up llt :SO deqn"'> C • a.ur..:h 
,, •• ,m,cr cnv&rll11n1cnl tll,11·\ that ~'-"-''' l,,. tht.• ,,.\f 't:nt..~ \JI JrJ.m• ·rn..AJ..""'l! • .J 
r.:1,ty!t- As '''ilt\ all rt?la\1 (,1111iliC$ 1..1'-·~l):ll\'f.i .1ftl'r thl• t\F~t\~ r._ ·' 1h,. I 1' 
t)~~ r.._.1~}' ,,.,,.., 1r1t~n'-li..•\l \lOI}' tor n1l'H.111t1n~ \)n pnnt...d ''lr~"'I.: C...."~ 

\\anufac1urc b.-g.tn m 197'1 
n1e d~cnf'llUl)~ 111 tl11.• pr('Cl'dlnh i'•lT.l~raph' 111.1\e ttli...-U••.c:J -..a ti""<~ 

cr .. tl·purpcJ~l' f\•l.1}'S tl1,1t ''' ('TC t..1l"\'\'1''l'l't.1 111 B'-\11 Llborat<.)n~ \"'1th..: .... ~. 
!t1di.lritbl~ Cl.lll .. lbl\T~\lll)ll ll\' \\'~:,,.l\_•r1'' El.:i.:tnc) d\1nil~ tht? pt.·n~.J JrlJCI tv_, 



292 Eng111cc•r;11g nud St1P11tr ;,, tl1r IJt ll Syst r111 

l "'CH -----1 

F1~ .. ti 1\ t.., r".a1 LR l\·pt.· r1•lt1\ uu~·nd1-d lur pnn1rd \v1nng 
b..l.J.td mounhnjo! 1n i.dbd-t,t4t,• '!11\"\lc-m.!t 

to I <180 In Jdd1taun tu the gc1wral·purpos~ designs, h<iwev~r. ,, number 
uf \·,ln.Jtl\ln~. \\''-'n· d,•vclopcd tt1 n\Ni ~r~ci:al i:e~d needs Sorne of these a te 

n\itl•d 1n tltt.' r\C\l '"''''' p.1rJgra1'h~. 
In the U· l\'pc ru11.t\' f.tmll~,, l•nC' \'~n.it1on '''a"' thl· UA .. typ'-' relay, ''1hict1 

hJd Jn \"OIJrgl..'d polt.• l.1"'° le., 11\t f\'Jt,\• It:, \eno,1t1v1ty. An<)thllr \1nrin tior' \\13.S 
th...-\ -tvpt' rt.~IJ\', t.'qu1~tpt•d \\·1tl1 .1 cup~r t)r Jlun11rtum sh.•cvc ()\'Cr it!t core 
t" ol>t.un 'I"" rdc.1~" An11lhcr var1.11tun uf the U type rclny fami ly, th<• 
r"'\ IVU,11 menl111ntod l.J6 l\•pe, "•" importJnt b~CJUW of lhc VCr)' l.irgc 
numbl!r ttf t)pttrJt1on" t!nrl•UntcreJ 1r1 ,t11 ilf(ttunt1ng tenter applit"dtll>rl 
\\ ht:re .tdd1....J n 1l1,1b1h1y ''' 111oi ft't.lt11rttd 

In thl' ,1rtginJI wire •pnng ll'IJy f.imlly. the AF-type rcld)' ""15 the 
i;en,•r•I purpr•w tvpc Althoui;h the dcslg11 pruv1dcd >pac ... for n> many 
Jc. J 2 trJnc,ft·r Cllnt,1cl 'Cl,, tl11.~ At: rl•l,1y magnet \vas 114>1 ~1ro1l)i; c1'\uugh 
tu hJndlc" lull complcmcnl ol contact> S1> trnn,fcr contact set• pit" '1' 
makl' cont.1cl pdar.. ,,r the c~1u1\·ulc11t \Vil~ lhl' 1111111 Wht!r~ ffi<Jr~ co111~1cts 
\\ 1..'rl· Tl'\{UllC\1 J l\Ul.l;l'r tu.'J\ 'll'r .1r1111Jl\lrl" \V~1~ tl~l''' to ~1rov1J~ tl nt(>rl• 
PU""rlul ,.1 ... ~ru111Ji;nd rtw AJ ;em'S, Wllh J ""'"' pow~rrul mawwl, 
,uuld b·· •·•1u1r1wd w11h 12 irJn,for -.intact >l'tS. or 24 m.1kc '" brc.1~ p.11r>. 
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S'-.'ns1t1\e rela\'S and mJrg1na1 re1ay!> \"ere also 1nclud,.J 1n lht• AJ ~·nt."!t. 
AG-I \'I"' rel a >·s were 1:qu1ppcJ with copper or aluminum ,1....,, "' '" ub1a1n 
a 4i10\V rl'lease • .7 

'' AL typt-• tl•lays ut1l1Z4..""'ci remanent m~>;nt·t1< m.lh.•noil ''' 
produc•· magn<'l1c la1ch1n11 

The wir<• ~pnng rl'l•y fom1ly al .. o included a dual armaluf<• ,i...,1gn fh1> 
\ 1,1r1,1t1on prov1d(:d t\vt> rcl.lY' 1n .i single unit muuntlid 1n tht· \ame ~p.tct: 
a'> lh~ AF-type r~lay C•ch hair could be <'<ju1pp<-d w11h up I<> fi,c 1ran,f,·r 
contact sets Nonlatchmg dual·armaturc relay'""« cud<..! 1n lh•· All. .... n ..... 
magnetic latching wa~ pru\'1dl'<l m the A.\I """'"'" 

In th<' mi.n1aturc "'"" 'pnng rela~ family. the BF· t\p.· 1da\ ''" the 
&cncral•purpose lYJll'- l'qUtpp.'<I with up lo !J' lun,f~r c .. ntait ""'' Tlw 
BG type provided 'low rclca>e, th.,. Bl and B\l t\P<'> pru\ldt-d rnagnctr< 
la1ch1ng with 6 and 12 transfer conLlct se&. resp<'Cll•cll , •nd th<" BJ l\Jl<' 
pro\'1dcd ,1ddibonal contacb-up lo 12 lrans(er contact wt' in a nunla1chmg 
vcrsion. 11 

·rhe n'-'ed for a nc\v cc,nncct•on arose \\•ith thtl dc\'t•lupm1.•nt uf the \\1rc 
spring relay. because the standard method (J( appll1ng cunnc'<twn' W lh< 
nc,1ble and c1os~I)' ~pJc~d \\'lfli.c; \\·~.s ''el)- t.>:..pt>n\1\~ .inJ nut '!ioah,(accun 
A bett<'r and dwapcr connl!<hon was unporLlnl bt:<•u..- 1n 1953 about 
50 m1lhon relay conn«hons "ert> !odtl'duled for th~ ""'" ,pnn~ r<Ll• 
alon<.> This prompll'<l tht> d~\dOpmmt or. lo.>] b\ II A \hlU(hc" that 
could wrap a few tu ms ol \,·u~ around the tmrun•I> d a r.-fa, lnuwll . 
these connections \\·ere th~n soldtrl:'d but 1.at{·r t""'b -.ho''"-d chat for 
specific terminal shape.. <older was not need,'<! and IHapp.-d <vnnL'Ctlon> 
\\·ere sarisfactor'}' by thcm,t•l\'~.17 

Solderless wrapped wir« connections permit au1umat1< tapc·contrulled 
wiring. which h.15 profound imphG1fions on lht' '"nn~ ''"' of cumple\ 
~ystcms. After lhc Gardnrr Dcn."'r Compan1 dc•dvp...J a <vmm<rcul 
automatic ,,,nng mach1n~. the approach \\.t-. h~o1\1J\· u~ ~\ \\1...,t~m 

l;lectnc and oth"rs 
Another ~:x.post.'Ci·cont.lct relit~· t~·pe ,,-a., the ...,..c.illl.J mult1,vn1.a,t r.:1'\· 

that \\'aS d~1gnl-'d (or U-,.C 1n 00-.~bar S\-Stt"m-. to Cltt..t' nktmt-ntanJ\ l.i~e 
llUffiOOl'S OI ci.rrutl p.llh> b\>l\\ '"'n \ .lnOOS ran' t>l lhc '"ll<hm~ "lu1pm<nt 
(An earlier mu\t1cont-ict rel.1~· ,,·3s dtl\'l'lopt.'d (l1r the c·u,,rd1niltt' ,,.,,tt:.htnh 
S\'SlCm and latt~r t1c;cd 111 th\' p~n..:I dt.'<'Uder cunn1."Ctor.l Th•: h!"tt \er-1l1n 

of the multicontact rd.w "'•" dcv<?lopl'<I in parolld hllh th,· l. l~I"' rvla\' 
ttnd tl1c earl)' crotosb..lr ,,.,•itct\, ilnd ,,,~,s.~trongl" 11\0uc11t..1,.-d ~' bc.tth Jt ,.,. ... .., 
a 0.11 spnng relay th.ll prt>\ id<'d up H> 60 ma~c (unt.1<t r•1" II •mpk•yc<I 
\\\'O clcctromasnct~. t,_•,11.:h tlf '' h1>Ch .1('tuat"•J h.1lf th,· ,,,n1J1.t'- : .. 1t \\'.l"' 

succe('d~ b\• a '''trc ~~in11~ d1.·,i~n 1n the 1030 ... thllt ,.,3, ,~utprnJ ''1th 
30 n1~l...~ contact pa1r., .1nJ .1 !lo1ngr"• t'lt:etrom.i~n"'t r,,,, l'r 1hi-..c.· rt.· · 
'·')"'· mounted on ._, ~•n).;I"• br.lck~t, replac".J 1ht· t·.irlh:r Ml Ct~ntJO fl.it 

,pnni; 'YI>" •• 
In .Jddit1on, a nunlbcr \\I titl1 .. ·r relJ.\' ,,.P'-.... ''':'"' dt. ... 1~nt·J ft•r "'f"\-"Cl41 

f'Ufl-lO ... l.~.!, ~I ll4:~C \OCIUdl.-d JX>1.lnll.~ rela, ... tr\'\lUl'n~-,· 1,t•n .. 111\t' fl'1J\ .. (\1 
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bratmg rc..>d >electors), and the miniature, highly reliable, latching relay 
that wa, used fi"'t m the Telstar satellite and later in submanne cable 
S)'Stems ~• 

Ill SEALED CONTACTS 

The conocts of the n.>lays described ;,o far were expo~d to the at­
mo;,l'hrr~ hmitmi; the nmtad rchabilitv In the 1930s. development s tarttod 
on rela1· contacts h.:nncticallv sealed m,ide a glass e nvelope. A. C. Keller, 
who was a<;Wctated with electrom..chanical device development for many 
dl!'<'.ad~ and later "'"' dir.,ctor ol switching >ystems development , has 
dl»<"Tlbed th" emergenc~ or the~ contact!> in the following words: 

Th~ \\lf\" o;pt\11,1.: rel.a\ .and the tcl.l\"!i usang g.la..~~ene:lo:.t.-d contacts .:in: rE>latt.-d through 
.. imtl.ar .in~ 1nti.sresung ong11b About J93S. Or Oh,•er E_ Bucklev. ''ho later b~J.m,• 
rr('\1Jent 111 &II L.1bof.a1Qn("I. "'11.n1..-d to ~bmula1e lundamcntaJ d1tvclopment and an 
\~tkm that \\ould ev.,-ntu..111\ lead h> a OC\v anJ 1mpruv""<I Sl'ncral fUrpdS<' relar To 
Jci thL'I I\: ~poke to H C H.inbOn and \.\1 8. EJl .. ,•c>Od iJbout the problem. So1h of 
lhbt' m~n. aeaU\e and 1n\t>nt1\·e mem~ o< th1.· l.abor.:stones. \\'ere soon on 1hear "'av 
h> am· "~ut the brN<l •nd ~\'tlf.'t;JI U\StructJoru; Or. Buckle)• g-ave 1hcrr Ho .. vevtr, they 
dtd no1&tJ1n the !tolJTI~ dttt'(tlon e .. ..-n th,.,ugh thetr 1ru.truchO~ "'l!tt! pn"'>Um'1bly lhl! 
"1m• 

H('tlr. H.ams.on \.~U.Jlucd. lb the ~t -,olubon. a 'code-card' Opl"t'.1ll."d rt!'lay using 
"''t" spnnt!t 111 c:atT)· tht f'.l)Mt4(ts Tu,~ dl")ign pt•rm1ttl•d a high deg:~t.> of mcch.:sni2..lbt>n 
tn manul.ictun: and asSt·mbl\·, , .. ·hJch '" tum rea1l1.cd the desired to'" costs This \vl)rk 
n·t'fltu.tll~ led to lhc (;11m:1Jy of \\1l"e spnf'g ttli)'S no .. .,. an IOlrge..<Scale producbon. 

1n co11tT.s\t tu tfam..'-'>n ·~ appro.)Ch, \V.l.lte"r E1J..,,'0<><i $.1\Y the ultimate in rellab1li1y 
ln a gJ>l.'.>) encJ~ conbrt c-ont.un1ng thr c le<Jnt'St ttnd best atmosphere, completE.'I)• 
ftC'lt of (IUWdl· mflut•ncer. such •s duo;,1 and dirt He .-lso VlSVJli~ed low m11nuf-'clurins 
cost .. and ;>t-uduct urulomut\' through a high dt.'g:rtt o( mE."Chanizatton. 1--lis \.,•or).. also 
lt-d II• a 1.imd)· of rt'!Av-s 1n this ca~.: \'l.'1th glass c:nclosl>d cont11cts. Thtse .:.re also no\' 
\:licln): rrl">(jU(ed ,)nd u!J.ed 1n l;lfG~ qu.lnhtJ~ .. ~, 

Two gcl\l'f'lll t1•p<>S of glass-enclosed sealed contacts were developed at 
Bell Laboratont.'S Onr \,·as lhc dr\•~reed tvpe, 11 the (>ther ... ,,a~ the mercury~ 

\"'etted l\'P"·;' 
Orv -reed sealed contacts con<i>t of two magnetic reeds sealed ln a glass 

tube IF1g 7·71 The mating contact surfaces arc plated with a precious 
m1•tal such ""gold, '" with .1 combination such as gold and silver; this is 
>umcllmc' dli1uscd in ,1 (Ontrollt•d atmo~phere to achiev<' low and stable 
c<•nl•(f ""'"'•nee and to Jl'l>id 'Lickmg On«' the reeds are hermetically 
>ca led m thc>:I·"~ envdop1•, 1hey an· no longer vulnerable to such external 
mllucnn·~ ., du-i and h<l>Uie dtmo;,phcrl'<. Careful conlTol of manufac­
turu'B rn.l<'~~~ ,..,, r~u1r~ hl-,\'1.1~ver, tt) a~sur'-' internal cl~anlincss :tind 
r~!1ablt' pl'rformancl• K 

In thl' c.rlv dt'>1i;n> of dr1'-r"ed contacts, the reeds wer" formed from 
><•It ma11ne11r matcnals. In a magndlC field of sufficwnt s tnmgth, the mag· 
nt1l.lc attractt)n bet\,een th(• l\\'o reeds causes the c<,>ntact to clost". Thl-' 
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Fog 7·7 Thrt'I' widely u.'itd tvpes ~I dry 1ml 1<.t.d «"'""' l•I ~ ?~tA 
con1act "·•s tht' fi1't dr. rttd !oealt'd C'UnLltl lo ~ used ""'*'' m tf'lrp .. MJER 

•ppl•c•~ (b) Thf' 2Ji'8 cont.t<'l "-b USfd f"\.tt'l"tN\l'I' llft t~ ..... ~ 
pMt:Kul•rlv in e.;trl\' 1 £SS• t'l«tr0n.tes"'itcfun~tqU1ptnc.~u (CJ 11w !J"'ACl-nwct 
is lhe r ..... m-.nent•rt."ed cont.ac1 ~an rt"mrttd s....,1tc.h pa.ci.I~"" ~1,.t1\ lot 
lhf' latt>r 1 ESS tltttronx ~"'it..:hlng crqurpmms ~iYh 

contact remains clQM>d as long as the magrw11c fidd pe15ist' \\"hm th\' 
magne11c fil'ld 1s r('mO' ed (or nullified b' an <!ppo>m~ fidd~ the C<ln· 
t.1ct opens. 

In the earl\• application< or the dn·-re<'d contact ...-all'!! C<•ntacts '""'" 
mount('d in a ~oleno1dal \\1ndmg to produce a rela\ "1th n<>~ll~ opt·n 
contacts. vVhe re no rmally dosed contacts wer" n'<jwred a sm.JI pt'""'1n<'nt 
magnet "'"' provid~ to hold the contacts d(l«'(f and the n•ntact> "oulJ 
be opened by passing current thr<>ugh th" "1ndin~ m the d1r«tt<>n t•• 
oppo~e the perm'-1nt.>nt magnet !.~~. 

Manufacture or «•lays \\,th dn·-..... ..i contact> IN rruht.il\ •rrbauons 
bq\an m 1944.21 (Fig 7-8) Although th"'" hJd b.-en ~.uh\'< .-plcrat"" 
u$~ of $u ch co11tatt~"' Bell S\·stcm apphcahon,, lari;e--..:Jfr tdrphon" u...-. 
cantl' onl\' dfter the '''ar. 1n a combint.-d a..liM'mbler-romrutcr fL1r .1ut<-'matlc 
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Fr;: .. "" ~.11('\f~-001.an r1"LI\~ •t m.nufil4. ture'd fUf nUlit.tn •~-''!ii."" dunnst \\'odd \\.i 
11 .a rrt.li' rmr~:m.:.aidn rt"f'dw.alrdtnnt«t (bird.I\ rmplo .. ln3•llk1'ni.n '-'t"'f~cd~.lltd 

"'""" 

mt.""-lg~ acc(>unt1n~_ tl>r \\ h1fh t'"'> l)'-pes of 'tlalt.~ contact rela)•s \ .. 'f!r'-" 
dndoped On~ WJ• the lX'I chg11 n?gi>ter relay which JctlJally was an 
J"<'mblv (If fi\'(' relay~ 1n ~ """''' package E.Jch oft he five rel av~ consisted 
••t an operanni; ct•1I a current l1m1tmg resistor, and a '1nglt> 224A dl)­
rt.·t•d c:vntact Tht .. 2S4 J1~1t f\'>;t~tcr rela\' ,,·a~ also U4')4.-d .,., ol d1g1t reg1stn 
1n thl' 'u 5 cro ... -,l°':.r ~\ ,t .. ·m Tht: .......-cond t\·p..? ''"' the 2qo connector 
n.•],.)\ \Vhtch CC..lOtJIOl-d ,,,.,.,, ~ 2:!4 ·\ ~aJed conldCl't M<MJOtl-"d side b\· Std~ 
'' 1th10 .J ~mgie Oat OJ"'r.Jt1n,:: roil :"' • 

rht m~t nten ... 1\f• Bc. .. 11 ~\'~tt:rn u.,,. 1.•f dn-ra.J conlact-,. ho,,e,·l"r. ,,.a, 
1n s ..... ·1tth1n~ net .. ,uri....., fl,r ,.1\.'-.lr(11'\Jc s,,,tchmg ~}~tl•ms In' ent1on of the 
fl·n\·l·d 1n the IJt\: 19-5(>, prltv11Jt.•d J: ~"1tch1ng nt!t,,·t)rk f<,r ESS cfectron1c 
.. , ... ·1t(h1..-.... '"·h1ch had rll\#tJllu: C<>ntacl~, tt."'qUtrt:d "'' ht•IJ1ng po,,·er# could 
li1.. ,,,.,,lhed \\·irh spt.·"iJ"' (llnlp4tt1blt! \\"Jlh the rc.r;t l'tf the .,,,.,.,~m. and ,,·en-
1(1,,· 1n ((Kl 1" Th1..· ons;11t.11 it.•rrl•t•d cu11cep1 combtnt;.>d .i rn,,~r,t:t1catl~· h..lrd 
it·mtt.• ml'm~r ,,·1th the m1l).,'lll'ttL-allv ~oft di')· re-.--d <:t>ntolcl dnd an e""Clt1n~ 
''1nd1n,,:. ll' pro' 1dc a mJgnt·11rJll\' Jalrht'd mt>tdll1r c:c.lntilct A current pubt.-
1,_11 t.•nl\ a It:\\ m1CTO't.-cond~ 1n lht• ,.,at1ng ,,·1nd1n~ <'1.»Uld ma,;netJ1e tht." 
It-mt" m~m~r IF1~ ;.~) lh~ r~m•nent ma~net1r fidd of th" frmtt> th~n 
''.l~ 'uftl'-~nt tv '-'P't'T.lft th' J'"'JUdll'd dn· reed cont.1(t. ~'"'" though 1t 

1111ght tctkt.# S\.'\t:r.JI hundrt-d n11<r~xonds mor~ fttr th"' c«.lnldct to close 
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f:1g 7 ~ Thr'-"' t\·pn of fc-nt,.J ... v.,~n..1lh (l•ntM\t-J Tht· 
''-'m.ln~l\1 f1•m1,• m.1tt•n11I. bt111~ \UtUJll\ N•n<,lf\JU£11\t' c.t11 ~ 
m,t~nt•Ut'-..J hy \4."t'\ 11hqn ~""\Jntf11 ...-Ullor\ an .Jn f'OCt~tlJI; CVll It 
W.JJ "nvb1ontod 1h .. 1 J cun 1•n1 rut"~ of uni\• J ft'\'\ n'l•(!•'""":r.11\d~ 
dur .. t1on 1n thl' "'nglt'. branch h:rr,..,'(f f•t \\t)l;ld nu~1 .. the: 
ft•rr1 tt- 11 1t·n1~·r 1h.- 1t•rn.Anl•n1 NJ;~1•• brlJ 1•t llw frtntt "''"'lJ 
lht>n •>r-·r.>h• 111\• .,..,~111hod dt\ rt'ni ( vn1..11.1 "' ,•n lhi.1Ui;h 11 m1.::,ht 
IJ \..c• k'' ,·ro11I hunJn-J ml(Tt'l'M.'<CnJ• m1•n· h•J thf' t 1...,1.J-, 1 h1 'fi.,.,. 
A C'\JNt•nl rul'-4.• o( lh\" ni;hl IN,cru1uJt· 1n tht' fl·\~ J.r-1'11'XI 
~out .. t Jt•m.a~1\t•1u,· 1h1• ftmtt ..11\J rt·rmJt 1h" wnw.1 tu •1'" 
llit.• p.,r.allc:l f1·rrn-d t~l hJ" 1'"~ i.·mt1; """rnh.o- \\llt1'1 ltk'\ .. r\" 
"'"'~nt•t111-d In th\° '-imt· dtrl'\ ,.,,n 1hr ,.lf\1.a.1 , I~ \\ h.-n 1h1' 
.Ill\." m.l;tl'\cll/\"1 II\ vrf".,.•lr J1r•'\llo.•ft" the ,,-n•.a.~ t'S""fh> In thit' 

wru,_.,. '""•"'-d <'•· lht· \"Unt.a.t .. 1l•"""' "hC'n 1hr '"'•' h.al\rro 1if tht 
ft:mlt' mcn1\...·r .ir\: m.l!~l'k'ti1rJ 1'1 llw ...-m.- J:u,, ,......,. Tlk- •'lf'l!.h~ 
\lJ''f\ '" ht.•n lh\.' l\o\'I h.i,I\ '-°' .irl" "J~wt111'\l ltl ''N°'"''C' J&r\'(~ 

29'7 

A mJ1t,r .ittr..lct1t11\ ,,1 tl\,• ''"~'"·'' {on-.;·,·rt \\J. .. th1 ... .l\\1ht\ t1J ctllltn.11 c, .. m 
pa r\ltl" l'''' ..,,,,,, .1ll10l; nlt•t.llh, \'.''"tJ"l' .it ,.1 .. ,1r,1n1\ (,J"..J.',., 

Altht)U);h thl• , • ..,,,, 1,•nt.'\..J \l~-J .i,,,~h f,·mt,· .l .. rh..• r11."11Unl'T'lt matl."n.11 
Idler dl"'tt);Jl .., U't.''t rt.•O\l·ndur .• l "·,1t-.sl~ 1r,~n Jll•'' 1n•t,•JJ &'CJu ... • n.'tth.'"ndur 
'' .Jn l't ... • ... ·tnt"Jll\ l\1nd111.:t1n,,: 1t1.11,·n.1I, 11 \'.lnn,11 k· .. ,.,,,h,..;t .i .. t.i"'I a~ .l 
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n,N.Jt •~mtc J-i,.,,l'\,·r, 1t _.,,,iJ.,, J.itn,-ult1~ \\-1th thl• t,·mt,•, mt.ht nvtabl\ 
Ch~ ,tf,)0~ lt!mfVT.llUrl· J,·p..·nJ.,•n,t..' l'f lf:t.. m.l!oi.nl•ft( rrl'f"\.'rtl\~ .lnd Ju~\ 
1lu' J,·n .. Jt~ ,,h-,h lt.J 1-..l .. ,ru, tur, .... ,1t l.irgt.• crt-,.., -..C.."\:fll)n .ind pollr t>hi­
'1'-·n,-,. Furth.:nTI,,r,• J .. nlt•r,· tht1u~ht ''.>' s1\'t"n l\l lht• t,·rr-t•t•d d'- a ~}-!)tem 
''''"1''""'1'11 1t \\J' ,,,unJ lhJI th .. · ttn~1n.-.ll~· JX..-..tul4ltl'li n11t:rt,...t.."CllOd 'tpt."'C· 

1hi.:,\lll'll'- tl•f J.;,t11.it1,1n 11f 1h1.: f1.1rr1.·,•d 1.1>uld be .1, Lndt.•J, ''"l11ch al!rU led 10 

i.·.i .. 11.·r dn\ an.: ''"'luth.•ml'nt ... 11 "'4.1 the! '''mt>,vhat ..,JO\\'l·r rt'mt.•ndur \'l'J"!:UOn 

,, ,),. Jd,1r1,..J 

fh, ~ 1'78 dn rt~ M•.tlt:J l"ont.it 1 ... m.illl*r than thl" t.•.irl1'-·r 224:\ con I act. 

\\.I .. .d,-\.:l"''rni f,1r th,_. lt•nn.J J"' -.h''''"TI m Fig 7.7 "'" l'\l'n sm.alkr 
ron1•<1 rh .. ~7.~ ">"'· h•J "''"" JcH•l<•ped for m1lot•rv apph<Jtmns. bur 
-~ ch.1r.1rt(·n"'°'-' ,,,.,". rntt C\)mrft'tt>I\· su1tablt> tl1r ,.1l.-ctr,-in1c ~"itchmg 
nrt,,t'r"--...' - \IJnulJ17tUrl· <'I 2.'iB Cl•ntuct-.; ~tartc.-d an 1Qh2 •nd re.achoo 
Jr<•• rr..Jucm"1 1 .... 1 .. 1 Jb .. ul 110 m1lhon'" 1973 

11 h"'J l-t-t.•n rv-: ..... J;n11t.·d 1n tht , .. 1r1\· ..,f;lg~ tlf 1ht• (''"'"'-~ Jt•\ elopment 
th11l 1h,· t.'MiC:it!nC\ JnJ ~·n .. 1t•\"lt\1 ~,f lht' devir~ cuulJ bt.1 tmpro,·l)(f b~· 

rnJl.1r'~ t~tl' Cllntacl r1•,•d" lhl'ffi't'I''"' l•ut of r~m~nt'nt mas;nt.1t1c matl.'JlaJ 
1n1ot,•o1J ,,t prt1\1d1ng ~·r.ir.itL' rt•mJnt.•nt m~mbl·r. •"' 8...>c.lU* of mat('nals 
rttl\t~~1n.: f"Ttl~ft'm' h11\'t'C'\l'f lhl ... d1d nut .ippt.•.lr It) bt• .in l"COOtlmJcaJ 
appr,1ii1ch l••r Llr~ir-Xalt;> m.nuf .K1ur'-· Lar1.-r dC'\ elopment ,,·ork <>unnounted 
!ht• P"''"""'"'1: pnblrnh l"'rmlll<.J •h•· J .. •el.,pm .. n• of lh< 238A remanenr 
''"-"d (r ... nirttdl '{.,)f,·d C"t>nt.tci "'h''~'n an Fig 7.1. and f(-d to dram.lt>c re­
Juctlllfl"' an tht• ..u.~ ot t·f~!r,m1l" ~''1t1..h1n~ net\\'(_lfM \ft1nufacture of 
~31oi . .\ cunt11i:-t., h.,:.in 1n I Qi:! ,·\pprv\IJT\.Jlt·I~· 50 mill.tun \\·frC m.1nuf.Jctured 
1r1 lY"'' Jnd thf' JnnuJl rr,,Ju,t1un lt'.\~l re.:1cht-d almt)\f JtiO m1ll1on 

,,, ·~''' 
llt•\ t•lopment uJ m,•rcur\ '' t•ttcJ ~'.'dlc.•d contact ... OCC'Urr~ 1n par.lllt-1 

'-'ltlt rht dr\·-ret'd c•,nlJ'-·t Jt'\(_•ht1imt•111 Co1tlpar-Pd \V1!J1 '\>lid metallic 
()1n1,tct ... ht1UIJ n11'flUf\ '''"'"''I~ ''l'll' a1tr.:ict1ve, N'"'U"l' 1111..•\ ,,,JJ 11vt 

"t.t1ti ~\ l1~:k1nh t•I ''t•lJ111~ .inJ th,·\ du nt1t c-h.iltl·r \1c~I .,,( tht• mt'rcury·· 
Ct•l\l.11,;l i, I.a\ .. .and Jo\,11, ht":!I 1 h.at '' t·rt• .J\ J1l.iblt• tc1mm1.·ro• II~· 1n ti,._. 19 Jtb. 
hl'\'''•' ''l""rt· d•· .. 1~t-d ''' mt•\l" t.11rl\· lt1r);_t.> qu.-nt1t1 .. ~ f.-tf ml'"rrun· b~· 
p.t\tt.at~l'n.>I •nc,·r.a111Jn CtJf\.'4. .. furotl\ th.._.,. t .. ·ndt-d lo~· ttlO ~'"''' fvr 
'"'ad~prt·.ad ~ m ,,.t,·rh,,,,,. "''OJ•t' :. 

f Jtt• 6t.JJ l..Jbc1r.itorf1~ J1 ... 1sn .1 rrrl•••< ~I \\" .J., IC.t ' ' t:t '4. 1liJ mt.· ti> I I 1._: C\>n t..l\ t.., 
\\ 11h ~ hfm l•t mt'fCU') .inJ ''' n1.11n1 .. 1111 tl1.: nl\'tr.·ur\· film tt\ mt•.in" u( o1 

'"J'lllc1n t.l1nnt."\h11n 11• .a mt·rl1Jr\ ll"'il'f\l11r bt•J,,,, 1J1t• t:1,nfdt:t' lht\ min 

1n\111'\J 1h1· .1rni1t1nt <•I m1•11 ur\ tl1.1t h.1J 111 l)C.• flUI 1n mt1lt1>11 '''r ttpl•r.itiun 
"'''"1ri.·n1t1lt1.J1h1· mit\ 1n~ 111nt.1t 1 ... 1l1 l1t• t .1ml-J l1v ,l l1~l11 .1n11.11ur·t• r.is.i.:ablc 
i•f l1'·1n~ nh•lt-d .at h1~h \f,1·e:J Jn tl\i• ._.,,,1,-dt"''>t''°'· tl1t· .annJturt• lJp1lljf\ 
,~.11)1 WI\ rr1-.Ju,,J b\· \\1•IJ1rt•: l\\'ll "''rlt<dl '''lfl°' 11• tt1.- '1rrn.i1Uf\.' Thl 

l\\U \\Ill'',,,., ... !.:>U1J11n,: t'olit.h tilh1·1 JrtJ ,,,,. >tflJoLI\ l' llC'l\\t'l"O lhl·m '''"""'"" 
lht• r.;,,r·1lt..r'\ J1.llhJt I" lt1ft*f J1W,,;11~ ,,1r1ll,tr~ r.1t)1, \\t'ft• f'lt..JU("..J ~\ 
rulltn,.; ~''"--'''~ 1n1u 1h1• .1rr11..11ur1• w1rf.1t1" »> 

-
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fhl' ''"~lnJ1 n1l•rc,1ry · \-vctlt.·d ':ll'1lli."\1 Ct>ntdcl " ' ')" J ' 1n1pl4.· 1r'11\ .. (1:r <t~ntJ('I 
~t fh,• .. tJltllOJn.· irc1nt (.t>ntdlt \\.41' m~·unt\-d ,,n J m.1~nc1n: mtm1'.·t tht· 
ba'l c''nlJt..t lJn .1 nt>nm,1~nt.•ltc mt·mbt•r IF1~ 7-101 In rht· unv-r"·ro1tt-J 
.,tdt~ th~ mt>\'abll• .. 1rn1.11urt.• lt,ntJll \\d't h~ld ol~J1n .. 11hc bJck ct•nW<t l'i\ 
~pr1ng f<Jft:l' rh1.· C.tJnt,1ct \\'ll't ttpt•r,1tt·d b'I J mJ)!Ot.'ll( fit.•ld thJI "-t•UIJ 
C3U\\' tht.• mol~OCllC ._1r111.1turc ltJ b,• 1lltrJtll>d lllWJrd the (ronl rt1nl.1t.I 

\1..lnU(Jclur(;' tif mt·r.:ur\'•\\'l:'llt.-d ttn1t.acb and tJf rt·l.t\") ut1h11n.,; tht·m 
bo..-g.,n 1n tQ~.i , ... , fill,, 1111111.tn: nt-i.J Jn this fir:.t 1.ar~t.:·\C"Jlt.· .lprh(olfH,n 

.. 
I i>J; 7 10 I \~\1,, .... ,111 '"''hlll\ V.l'tt"" ....... ~,, t1"1I! .... ,_ (.t i th·f 
t·,,tl't 1"ut1.-I I\•" 1n ''hkh lh•· Jfft'UIU!t •\lf'llJd "'' lo1N1.W"\I 

.l~.llO't ll•t 1wnnui,;rk!"' tt.M• 1tlf'll~t .1!'J "'' .tltt.hW ,_,.,.,J 
It" "'"'~flt I -'lt'll\'ft 11of ttw lh"'l t,lfll.h t 9'1 lhf f"'"Wft.'" t'f .I~ 
h1·l.I •l') 1h1• t.1h r l"'•l.&r '' 1..,.. "''""'"", ,1,·111111,nNIWftf """""" 
ohl)ll'h•1l hi 11h!\ hit• lh11 1l1·,jO\t lf1'1'f,!lt· ~1 .. i ti 11· 14' "°~'111111'-. 
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mt!lrury·-1.,1111act relJ)~ \\·erl' used to co1i1rol th~ U1rcctll1n and rolt1t1onal 
~pt"l°"ti u( n1Utllr"> 1n ~rvomt.~ch.lnbm .... z~ 

Tht.> pnnnpal ti:l~phunc appl1CJl1un .. of 111cr..:-urv .. \''cl t\..•d con tatt!ii cam\:' 
Jllcr \\\irld War II rh«St' .1pplicahuns u,ed the 2 18-typc >Cal~d conlacl. 
, ... hu:h \\'J~ tunctlltr1Jlly .,unil.ir to lhc ~1mplc transfer cont.let .,_ct d\.~e:nbcd 
prt.'\'lltu.1.il\' but \\•h1ch l<l11tJ1nt-d t\"'0 front c t :>11t.JCl!;, t\VU bac!... cont;'lct-,, 
and a Cl1mmtln .i..nnaturl' cunldC'l 

T•n• tvpe-. of rdJY> were manufactured al fi'"t The 275-type rela y WJ> 
a n"ulrJI rcla~ contJu'ung a 21 S· lvpe seal<'d contact and an o perating 
,,· 1n1..i1rl~ cnclU"-1..'d 1n a -,tl"i'1 cl~c:tron~tubc housing 1.!t.ltJippcd \v1th an octal 
tub" ba"4.' The 276-typ<• relay mduded, m addition, 1wu small permanen1 
m~gnl.*b Thl-S.l' maJ.,rnet:, \.\'Cr"" adjustt!d to cau~c th€'.' relay t<l op~rat<- or 
rdea'e un >peofic current values The available adjustments included mag· 
nehc latching'" 

.\ l~1er 1.kl>1gn uf mercurv-welled contact, the 222 type, utilized a sym­
mt'lnct.il pc>1Jr o,truc-turc \V"1th a ~implc, VCl)' Light magnetic: reed ~rmaturL1 

1. I INCH 
_, 

Jig 7 11 1.,1n11,1 .... Hf U11· 1111n1.1lh11• 11l\'f\Ul'V tt•l.ay ll1nuly lh1• :lilS ·l\'Jt-i' .ind )itifl t~r"' 
t• l.1\ t (111,.,~.·J ""111! .1rHU\' .) t1'lUU1 h\t+J n111u11 1u1~ 11nt•t1l1ll1un 1 lu.• 1~4 I) l\t• .111d l't( I\ I"' 
11 l,I\.'' ... " l·~· tl!•l\Ulh'J UI ,111\ p-.1)1f1un 
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C<•mbm .. d "Hh •ppropnat•• p<'nnan .. nt magnets and "onding. ll rrov1dt-d 
,.:.rt•Jtl'r wn<t1l1\·11\· dnd f~l-.tt.•r OJ>«frat1t•n than coulJ bt.> obt.iint-d '"''h th~ 
~ IH l\'P~ Cttn1.1t:I 

11 It \.\.'d't U'"-'d exten'ilVl'ly Jr\ the 223·1vpt: COJ'-'·'' ''"ltCh 
'"'r ,\ .... •1tch1n>; l11gh frl·qucncv c1rcu11.,, but 1t ''-'d.S '-4.>Un rcpldc1.od fur <'thcr 
~pphcahon' hv the <imtlar but 'hort"r 226-11·pe «-al<.J cont•ct • fh" ~~~ 
ttnJ 226~t\·~ (ontact~ ""'t:rt• bo1h s.1mplt.· trans/er cont.act~ 

~cJUSt.' tht..• mcrrur;· · \\f.:ltl~ cunt.let~ conta1nt-d mort" p.:tn., 1h.an iht: 
Jrv rct.,d contJ<'.I'> und rcq\jlrl.'d mort.• mJ.nufactunng ~tl'f)')o, thcv , .... ,·r1.· mtirt 
«>-riv th>n drv r<:<'d rontJCl' Nevl'rthck-ss, their ab1litv to '"1trh (Jori\ 
high \ oltag .. , Jnd rurrcnl' rapidly, wnh neghgibl< clwtter for 1 b1ll1<>n 
''' mt,rt.• oper'-1t1t>n-. lt.·d tu ..,1J.;n1fic.ant uw uf ~uch cuntact) 1n tht: &-II s, .. 1"m 
1\'<><;tern Electric manufactur,>d nearll' 13 milhon or lht·m m 19~1 

Lltt'r mcrcurY ·\V~tt(ld l<lntac-t relav., rl'duced ~11t.• Jnd cost \' ha11.• pro· 
'1dmg great~r v~·r,...hhtv 1n dpphc.Jtoon IF1g 7-111 In the 3~5-11·p .. rdJ\~ 
\\h1ch had on<• male contact p.tir. the hl1ghl abc>'t th<- pnnt«J \\Inns 
mounting board was reduct>d to 0.27 mch Other '""oru. or tlm 'tructwe 
1nduded the 352-t)•pe relay, which had a pennanen1 magnel-bJJ"-.J breal 
con tact pair, the 353-typ .. relay. which had two maL• cont.let pair., and 
the 356-tyJ'(' rday which had a tran~(er contact St't Thnough allm•an.-., 
or J reduced contact capability and u"' or onl~ thr amount of rn<R'Ur\ 
lhat would chng firmly to the wetted reed a sent'S o( po>1bon·1n,.,.n•1b•~ 
relay~ was d•·v~loped. Th~c included th~ 355 (one lllil~e conlacl rair), 
354 (one break contact pair). and 358 (t•n> make contact pairs) ProductUJn 
o( these r<'duced-size relay~ bq;an 1n J97o ""h the H'A reLl• and 6•e 
)"~.Jl"S later \va.s .it .in annu•I rate of ll\t'r 5 million unJb 

IV, SW ITCHES 

In l Q25. Bell S~·~tt!n1 .iu1omat1c S\,1tch1n)! 'i\~tem' utih.t\."l.'.i ''' '-' t\ fl\. .... of 

~''itches. th~ ''l'P b)'""Step ,,.,..-itch and th,• p.ineJ ,, .... 1h:h In both C\.l'P\lJ(tln~ 
bru'h~ ,,. crt..• fl."qU trt'd tu tr Ji\ ~I r.ith\'r lt.1n~ d.c,tan.:l"'t (ln\ht."S) ... bJ.ini;: ''\ l'r 
~tatt,>nc.,r)' tcrm1n,1ls dtinnh pa11 of th1..• trd\'1:1. t\l ...... 1.i1'lb.h th..- dt"'o1r-.-d 
C1.>nnt.•ction-. Ct.ln<tettucntl~· tht.• uper.1t1nfi tam .. "S u( 1h,~ ~\\1tl"h1.."'> tt.:"ndt.-d 
''' t-i~' Ion~ C"<1nlpJred \\1th th1.• Opt!r.tt1n~ 11n1~ o( r..~JJ\ .. '" ht"rt' mt1\ .st.Jt." 
,,,nl.>(l<t 1..1...:-r"' rt.-qu1n..~ IL> lr.l\t.'I ntt m,'ft' thJn a ~m.ill tr.J..-tlt.•n t.•t tin m(h 
\1urt..•t.)\'er, th"• '\1..1tch-dr1v1n~ m.xhJnt,nt .. ,, ... ~rt.' fa1rl' cl1mpf~, .inJ tht? 
ct.1n t,lc 1-. tl1t.•111'l'I Vt.'"' \\'\"T1.." 11 .. u.1 II\ madt• 1.lt b.t,t• m ... 1tJli. ~lr('JU\i.C th~n ~n,,,, n 

J.'f\'l lllU' ntt.•t,\l\, '"'h1ch n11hhl h.i1.. \' 1'r1..11.. 1Jt.'1 ,.,,n mu'h qu1,•h:r 1.il~1n~ 
c1r,u1t~. ,,.t)f\' t'llf r.ii.11dl\ u1,d.:r tht• .. J1J1n~ rn'td'° ''' ''i":r.atu."n 

L)unn~ th~ Jlt.'nt"li f ftllll I \J25 h .. • 1 '>;"5. thr'-"l.' Ot''' l\pl ... l't .. , .... ,rcht" , .... ,·rt: 
d'-''l'll•pcd a11t.l t1..,cd t.•\t'''''''"'lv 1n 6,•11 S\"-lt'm ll'lt•ph,lnt• .. ,\·1tch1n~ n .... ·t 
\V~,r~~ Thl• <:r("''b.1r ~,,·it\'I' u-.ing l''I'''''"' rt~l.t\' t\'P.,.' .;,tnlacl!- l:.lm,• h1't 
Tilt• f ... ·ncl"d ''' 1tcl1. u..,l11.; ... tr\··r1..""l.J .. l._,1,...t ciJnt.Jct.' \\tlh ma~nt.•!1\.lll\' "'•It 
rt.·t.·J"'. '' .i-.. nt:\t 1 ht:> r ... •n1rt."l..-d ..,, ..... ,r.:h. 11 ... 11\,; Jn··n>t.-J "".1lt'1 (,1nt.:t\t' ''''h 
n1.1~n.:t1c .. 1ll\ ll .. lrJ (ren\,1n1..1nt) r11."l.tJ~. \\J' l.1 .. 1 
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Th, °"''b•r '"n<h ... , ln\.,nll'd 1n JQl3 b\ I N R.:\nul<b of \\'""'"m I 
lkc1nc" h did nol Juul. JllrJctl\ e, ho"'e' er for th.: l)'JX"' of "' nchini; 
.,,.,,._•m::-, that ''ert.• bc1ni;; ,.,,,n.,1dl0rtod at that time J1 .. development \Vair, "\'t 

pul'>u,.J b\ the Bl'il '>v,h'm unhl '"m" vo:a" lat'"· .:ift.:r th" Sw1:dish 1.Je 
phunt> Jdm1n1,trJt1tt.Jlt hl'd t·u1ttnbutcd 1ntprovt.lnn1.:nt~ to th.: onginal 
CtlOl t•pt 

The CTOS>b.lr S"-ll<h ., d1:vdllp•:d on lhe 1930>. wa> L''>!.entiallv a rcc1-
•ni;ular atrJ\ ot rdJ\ f\ P" cuntJcts dc.J'<h"d in a patl••m of huruontal 
f(J\\..., .ind '~1..'..JI ...:olumn ... 1

" I h.: early s''·1tch~ had tt:'n hon7ontal ro\o\-\ 
and "1th.•r 10 or ~O H'rtJ<al <olumlb (Fig 7-12( Each 1nter"><'Cl1on of a ro" 
and a column ..,., <"Jllt.J a CW'>>pomt; each ;wuch contained either 100 
••r ~00 a0~potnl., .:\ i.:lu..,tt·r of nonnaJI\• Of>'.•n contact~ '11.'.JS pro\'lded at 
eJch cn•»pomt-u,uJ ll\ thre1: n>ntact pair~ (for the tip. nng, and slec\C 
l1r1i.-u1t ... ). but up ttJi \I). p.l1r .. ·'PJX-'Jr an Lltcr dc~t){nS 

It• actuate thl· co11l!llt .... th\_) ..,\-..·1tch \V'as equipp,~d \-..1ith a ~electing cJec .. 
lr<-1m.1gncl ft1r t:ach ht>r1tl>nltll rc>v.' and a ht>lding cJ<.•ctromagnct for each 
'erhrJI e<1lumn l-kchanll,11 hnkag('S between magnet> and crosspoint 
cvnW<l> "~'~ P'°"'d,•d b1 h11n1ont.1J selecting ba~ and vertical holding 
bdr--and the r .... uhanr pJtlem of crossed bar; led to the name " crossbar 
.. \\Jl\."h . 

An\ p.irucular du,tt·r uf cr0>>po1nt contact~ could be closed by fir.I 
<n.-rµnni; 1h.- .,..J...:tini; mJ~~I for 1ha1 horizontal row and then energi21ng 

.. 

... - - ..... 
:IQ INCHES •J 

J ,,. .. I 2 < rL~f '"" )f, 114"" (.- ~ I h1.· Lir;. ~• •I tt•.- ~ ''""''t'"'' it" t11. tu~ tn.1 nu r Jt llltnf t>.c-ft>tt 
Jllt11 Jt tuf•t.ur.1-J :oo, ,...._...,.. .. ,,,, Mith"'' n•11m.ill\ c.•r-·n ,,,,11 .. , '"' .if,._., h lTV-..,_J""'"' 4t·j 
I tw Ltr~r ••f tho- Llh·f d.--w;;n-. "ht. h .. t<w..11.t•nl,.,11M-d 2411 , .,,,.. .. ,_,,n, ... .al"-• h.tJ ~'' noi;•rnt.1n­

••J11:·n c-unt..._ ,, .. t .. .t< h , "--l'"'"'' Wt h.1J "'~1ufi,;1ntl)>· -,.m.1U,·r rt•~·•h .-1 J1rn~·"jo'''n"' 
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1h• hohlm>; m•>;n<'I for 1ha1 vertJCdl column l'hc sek..,llng m•gn•I could 
t-.- J1.,.\lnnl'< t,•J af1or 1h" conlacts had dOS<-d. and 1hey "uuld rt'm<l•n 
d..,.,..J a' lun>; ., lh• holdJng magnN rema1nrd •nergu..d The ~l<'<tlng 
m•i.;nl'l 1h,•n "., """ 10 t:.;, uwd agam, 11 noqum.J for wl<-<llng •nolher 
i."l\.""''I""'"' an.> J1ffcrt•n1 \crt1cat column 

Th•• cun1ac" and Oa1 contact spnngs u.ed 1n 1he tarly oossbar swilches 
"ero '•rv -.m1l.1r IO 1h°"" used m U· and Y·lypt relays, which were 
J•\dOJ"'d cuncurrenlly wi1h 1he etossbar sw11ch Twin conl•CU of pal· 
lad1um. with b1furca1cd moving spnngs. were provided for contacl reh· 
ab1h1y All 1hc corwsponding stationary contacts 1n uch vertical column 
were conneclcd togc1her. and all the corrE.-Sponding movable cont•cts 1n 
each hon1on t.1I row frequenlly were conn•'(led alM>, ohhou~h honrontal 
conn~t1r1J:i \Vas optional. 

Rei;ular manufacture of crossbar sw11ch<-, b<-g•n m 1936 Numerous 
d<.,•i;n lh•n>;e~ wcrl' introduced dunng lh• ne•t 30 years to reduce 1he 
CQf)t <'f m.lnuf.lctur-... to lmprove perfunnanct-. .lnd to pro\·1de •magnetic 
l.st,h1n,.; \t.•r,.t'-ln '"'but the general configur111t10n rem..11n...J \tr\' \1miLu to 
lhl' tln>;1n.ll J,·~1gn From nme to 11me. \'int>U~ m.11or dl"Slgn ch.ing~ \\tft 
..-plo1<.J parhrularlv with lhe idea of reduong \llt ilOd incrtblnJl up.-rolMg 
•p.,..J Bui mu-.1 <>f 1h~ propos.ils were •Nndon<d. bn'.•ux .i lh• nm~ 
lh•' d1<l nul uffor ad,anlages thal "·uuld 1us11f y 1he '°'"of de' eluprn<nt 
.and 1ntrc'liti•t~·11cln 

In 1hc I <lblh. however. 1wo orcumstances l><.-s•n 1u mal.e small cro..sb.u 
\\\1tch~' mt)f\' attrt1c·11ve. (1) a number tlf c~!ib.Jr ct-ntri1l officf.'\ ''Ctt!" 
bef1mn11111 l<I run sh<>rl u( lrunkmg capaoty, bul had no •pace Ith in -.luch 
to add nmrc <'4u1prncnt, and (2) inOalion was dn\lng 1he <°'I of ne\\ 
building-. upw.ud nl a distressing rate. So a nel\' and much ~mallor famdr 
of '""''b'" .,wilchc> was developed to perm ii c>p•n"on of 1runkln~ capaoh 
''1tllt>ul rt•t1u 1r1nf; additio1lal space W1rl· ~l'>nrtj.\ rel.1y tt.l('hnolt~~· '''.lS ot1 
h1\•d 111 tt'"' 11t•\v tlcs1gn. and prov1sjo1\ ,, ... ~ mJdl' (or 12 hun/t)ntal ll'' els. 
Whl·r« r«<1111r«d Ill place of 10 hon1on1al' ,. Rci<ular pruduct1<•n of 1he 
'm.tll """b.lr "''Itch t:.;,gan m 1969. 

l'r,>Jtl\'. t1t1n t1f t·r'~"'b"'r s,,.,.. 1tcht.1S (l.:argc i>nJ \mJll t\ pt."\ \·,,mb1nt.J) n.'acheJ 
a p.·•I.. uf 11)4,0110 switches m 1971 but >Ulx<'\juentl\ d<'<hn<-d a> the 
t\•ltrht11''' ''J)(.•r.1t1nJ; C\lffip.Jn1t.~ turnl.J 1na\'j;1n~I' 1,11hc 1h-.·n "'"1l\'1n,; 
\'l\·\tf\1n1" ,,.,.·1tcll1ng ,,·stt•n1s 

\\'h,·n th" d1«dopmcn1of1hc 11:55 \\\llch1n~ <'\ju1pm .. n11-..,:•n m 1he 
Jq5lh, ll ''•'' \\!IJ\•ly "''Jk"Ctl~ th,ll l'll"Clfl101( CT\t'..'J''lf\I\ (thJl I\ l'fl"CtRlO 
IU\l\'"i ',, '''11\l\ \lnJuc ti.. Jr lfl'\'ICC'!;) \Vl•Uld l'!t.1 U"t..J 1n thi..• \.\\'It( h1n~ ft\•l\\'\lrl.. .. 

i\' \ lt•\.'\1 l\IJ'"'''''' J'lf\)~ft.'!>!lol~I. l\O\\\.'\Cr. It txx.1m\• c1t•Jr lhJI .ill ,.Jl'Clr\tOIC 

nt•l\'''''~' ,,.,,,,Ill r.1rry .1 llllOlb\•r l't( h.1nd1C'JI"' th\• "'"oJ fen J1f!t:r~nt .lnd 
f"t•rll.lf'' 11\\1rt• '''"'tly t~l1..•1ihc111e .. ~t,, fl\'\'' l''''ll'(l!Un prt1blt•n''· ,1nd l1m1 · 
l1llh1l\'1 11t tr,11\ .. rl\1t-..,lt111 p«>lll'rlh.'> '1' 

l ,,, 11,,. \1tl1t•r l1.t11tt, \.'\;i,1i11•; \•lc.:1ru1n1,_•1..l111nh'.ll s\v11thl'' OJ"l'r.11t•ll ,.1r 



:~1 ..,f,,,,,1, r,1 bi..· ,-,1mpJt1~ll· ''1th th~ gO..ll ot ''lntr,,ll1n~ .1n l'Ol1r~ central 
''tt1(t..""'''lt'7h1n.i:: n,·t''''rfr.. (..,t..'f'\ 1n~ up lll pt-rhap... 05,000 lanl...,) ''1th 1.1 single. 
'''"' f.l!tt ~lt"Ctrlln11. ... -,•ntrJI pr(l4.:l ... .,tlr Th~ .,0Jut1l,n tl> the.• l ts~ electronic 
'''1r,·h Ol'l\\orJ.. prclbh:m \,,,,th.._• t,•rrt..-..·d '€'al~ cont.1ct, Jl~b\..od 1n St."Ctlon 
Ill b\'1;Ju-.e rt:i"c'-d Ct.l111.t..:t ... flrt.1\·11.1t.."'Ct a n1<.~tall1c trdn,m1~'1011 path th.:tt 
t.llUld 1': S\\1t..:hed .ll h1~h 'Pt'l-d 

lht..· t~~d ,\, 1lt'ht .... J,...,,~lll"d ttlr thf..l' 1 ESS 5,,,1tch1ng c-l1u1pment '''ere 
ll'<tJn.:>Jl•r JITJ\' <II t•·rr<'t-.l conta& (F1~ 7 13) Th., most ,_,dely used 
""-'"h0Jr..ln,1n ''.:t~ .in ~-tt\ I\ .ina\" 1n ,,h.Jch t1'ach crCK~f"'-11nl contained tlvo 
nui;nt..·t1.:.tlll ""'-'It Jr\ ri."l.J "'l'Jll.J contacts and ,,,.o m.ignt:ttcall\• hard re­
mc-nJur pfat1.-... all ... um1unJc..J b\' {\\"O pair.:,, or en1..·~111ng coil~. One pair 
llt n,1!.;, \\.l"" (llMn4..l("tt.J 1n ""4.."rtt. .... \\llh the CO~pond1n~ C01b or the Other 
,,,.,..,.,pl,1nts ui the -.Jml· htlnlontal ro,,· The st!\.."Ond p.l1r of coal:, '''as con· 
nl"\'.t~d 1n 't"nl..-., \\Ith lh\• \'.'t.lrr\.~pondtng COtlS or the other CJUS~po1nts 10 
thl' ....im\~ \\•rt1c,1J !olunln TI'!! .1rr.1ngemen1 , .. •.:.s suct1 thal ~amu l taneous 
1.-urrcnt flo,, 1n ..i ht..,n1cln1al o,tr1ng of co1.ls and 1n tl \•er1 1c~I stnng closed 
tht..• lCJntJcb 1.1t .:i commc.1n trll~ .. po1nt .Jnd causc-d th~ cont;ic:ts .J l all other 
1,.'Tl""'"'pt.'1nr, rn thJI n.1, .. Jnd ct1lumn either to open or le.> remain open 
..,hort coincident rurrt'nl pulw. 1n the honzont"I onJ vertical stnngs o( 

roai ... , .. ,.rt" suffiol'nt ''' maJ.;nl'tt1e the remendur pJat<"S at the common 

•• 

' • 

I 
• 

• 
i ' • 
1 • 

J 

• 
, 

/ ' 
' ' 

'" 
,., 

10 INCHES ., 
I•#, - IJ 1~.~ rt"UU\."-J 'lo\\1hh1~ f.11 !\n tl ~\· w fcrn't'd 'li\\'U•h _.. .. u ... -J ln lh"° 1.·.lrl\ 1£5~ 

1L"(ft..mx ,,..,trh 11:>1 A JIU! 11. t-' i., h"'ft\ll,.J "'"1h.h ,,..~lot~~· "'' u....,.J 1n rh-· 1.atc:r lb' 
•11'(11~ ~kd~""" 1"hA r-a• l.t#' """ '°"u1\"kn1 tt.• ltt.c.• fc:rYt..'-d .. "11.ht"" .anJ an ~J1bc>n 

.-unLatnrJ • numb.'f c.'I J.i.iJ.°' .anJ ''"'~'"" ah.at ~ nt le.• '''"'' t•J'·•.J11n,,; curn."nt pubo­
lh~h 1br ~ ,.,,. ... ~r....nt ''"'" 



lOS 

cr•'!'>!lopmnt. &md th!.! h!'ITllLJncn• magnetic held o( lhLiSe plaftl"_ft W.:tS suffo:1en1 
tu t.1P"° riJ h: t hl" JSSL .IC'iJC =-d 5,~i.Jll:'d ConltLCts &md tu hofd f ht.•Jtl clo~ • .J tht·re,dh.; 

!anum .icturC:" of teneed ~1,,v1tcnlc".~ htt;am rn ~'Jb2. B ' 1970. mur • than 
om.~ rmJli<-.n f 1.:rn:cd !iWHchcs o( \o'<JnoaJ:-. lyp w~r • ~1ng m.:uiufacturt'd 
t>rinu.allv, mL,st ol them turn•ntrJl c•ffio•s with li:3SM.,,.-11chm~ 1'\lutpm-..n~ 

,\ ri i~ i Ii"' I 1 m p:c:d nm . .-n l Io lhc H.!55 t..•J, ~lnmk sw] Leh ~ as r h~ (u~I u I il 
n~, ... · ::-W,ll'."hin~ nfficL' ,as cnmpar1•d with a crus bar (Jr sti:p·b}'·'.?tt·p 1:iffic1• 
~\uch i'ttort ""-'d mild • to rcrluc~ thr Cu!il of I ESS 'Mi'i1chtng •qu1pmen1 
.md al:o.o to r~du('t' ils s1.1.~ so thilt it could bt: hYused m smaHL"I'; lt:.S: CL)Stl1: 

bu11i.i1ng • Th1s eff c.Ht led h.J dev ... lopmt.•nl uf the n!mri..1.·d .iii.: cunbc~, 
de'!ir:nbl"CI in .:;._.,ctlun Ill, and lhe remr~,L>d, sw•tchmg n!!h• .. ·or >• 

ln eh~ wmr ·~d wih.:h, tht:' magneticJ.By hard (rem:ln11.•n1~ miHcni.11 rL"· 
qum'd for ma~nctic latching \•,.<as iri thl: rt"t:ds of the ~J~d conl.h:ls. lh~m· 
~\\.·e~ inslead nr in L•'ldl'r-nal plalt"S. This dei.;iwi kad )(:\ ~r.i.I important 
Jd\ anla~('S Ehminahr.Jn ui the ext(;mal plillt.."5 penrutte-d suml" rt-ducti.,m 
m the. s~711' o a croospmnt, Hnngmg the n:fllUnent matenal ri~hl up to the 
WL1r'ldn>; g~p uf the reed con~.:id 1mproverl lh • ma~n ·tl(" C11C'll~I. pi:rmmtun~ 
.-crur~-.""'i cro"'spmnts tn bt.' op~·r~ted b)' lm,er rail currents. This in tum 
n.:duc .. ·d the m.J.gni ·trc intt!rforent't' bit.!t\.\.' ·en ctQS.Spomt!I. pemutt.mg d ·r 
ranng uf cros...;puint~ Tut! better magnetic coupling al!! • perm1n~ 3h~ 

U"'"-" uf sma~lr luv.·-cu~l semiconduclt1r dt.•\'3Ces (lnst~.Jd i.:•f relay rnnt.1ru) 
h.lr steering up~rating current pul"'"'"' through the d4:°Siroo <:Tl poml coil!'! 
In fact, lht" <.tt~il:'ring dh.;dl'~ and transistors 'l.\'t!Il.'. -.mall enour,h lo~ mounin.J 
nght m th~ remrecd !iiW-ilch packag1tS. ri..ia.rw of the mli"n:on.nectmn$ b.:t\-. ~ 1n 
these pube-stecrin~ romponents and tho cros..;;pi;Jint coil.:;, \.,;~r~ pro\'idt'd 
by tll•Xtbl~ prinh:d ..... 1nnA thillt \\1a'.'i part JJf th~ remraad S\"1kh rJ.C-JLJ!~t,·. 
~irninat:mg much of the e>i.tcrrM1 ('.'abling fonnerly requtred ~t\,._ ii fun:~ 

$'-'~tch packilJ; "'S and ~11t;t\!'mal steerio~ l\:Jay~. Th..-s.t' ~"'If~ some of th 
faclors lhci,t ~nab~cd arcmt .lnd ~-qu1pmt!r1t designers m m:lkc dramatic 
reductlt..'tll..., in L"hw ~ize ~lf 1 r,55 S\\.'llchm~ i!'q1i.11pmel"ll nt"tn·or' ~ m •he 
1L\""O Jl l'I 71 ~. 

~1anufill tun~ of f'!mfl.!L<d S.'\\'Lh:n packag ... ""S be-g;m m 197~. Appro:\i:mately 
l00.000 ~\'~re mani.alactur~J in l ""73., n.J lrw production l2v~I wa5 illfflc.1 l 
1.5 milhtJn ln l Q81 . 

I l is worth no tin~ that lht' cwssbar, h.·nli.'\"'ill, >ind remr~>d S\\1lcha. h ' L'J"C 

de-.s1gnc-d prun .. 1ril\' f1..~r ust• in "lHCl• ·fr~·qu\.'ncy 11.,rct11t;, \' hl'rc .. h 1• '1ing 
L>I much hl~h 'r lr~quenal~ 1t. ... c'I .. neei1.•s ... .lr\' in i:olm .. ·r '\·~•~rm nnd rad1i1 
'Y!oit~m~s., iJ numbt•r uf cn~Ui.hd rclavs .:rnd .. \;'iti..·h~ ''-·l"rl' dt~i~n1.-ci h•r 1h~ - " putpns ~ 

fh~ ~•mp1~~t w~-s i1 COi1\iM~-ca[,h• rdl1\' dl1:-.i~ned li • EU" u~1d f.11' 1thr.: Ll 
t:amn ~)'!-ih.•m . .J111i.l the fl)-2 r.-,d,1~1 !!!\":;tem fj l'i.'1'15.l~IL:-d uf iJ ::.lr'I ·It• Jn··r .. --M 

:::-t.!'Jl~d ci..mf.11t.' m lh'-· \'.t!'ntr.J' L ·~,nductor tl• ~ tl:{M\1.ll structure Thl"capll'lt~H11.. 
.1.('n,1 .... s tht! opl.!n ga~i ol lhl' dry f •1,.'\I '-"''-'n'act, 1i..1t (\1u~ ..... lrmth.-.J 'h\.• ,~datllltl 
lt1!!-S l~bta11,l.".J •• t .my p.:i:rlh 1d . .ir fre'-1ut·1u:y. 
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,\ mor~ ton,pll'' d~ign. ut.tlJz.1ns ftJur merrury-v"'elted contacts '!"ilS 

u ... ...i in the TD-2 radio '>~'Siem and m lhe LI and L4 earner ~yMems It 
prO\'ldc-d ~u1tabl1: 1!-<>latson l~!t and other d~sirt-d transmi.s:,1on chJr.icter 
L<t1.:!> al ir"'!uenoe!- up to 80 m•-gahertL (l'vll lz), bul tl wib a rather e'P-!""" • 
p1''C<' of apparatus 

A It'!-!!> c-ostl y coaxial ~'"'1tch1ng elemt>nt. called a cable 5,, ... tch . ,, . .is in­

\en1<•d m 1he J 9bOs."' Two or more dry-ri;ed St'alcd contacts were connect<d 
an ~enes m the central conductor or tht: coa:o..Jal structure . .Jnd, 'C-r'\' im~ 

portanllv an appreoable length of coaxial transmission bne was pro.,ded 
~t'\' et!n adJa~nt con tac~ 1:.,•en a !thor1 Sl.--ction of transmission Une bet\' cen 
the ad1act!ll1 contacb greatly enhanced the increase in ISOiation loss obtam•'<i 
bv adding .,.,nes cuntaru High-frequency switches bas..>d on the cable­
'w11ch pnnop.le wer<> fir.I manufactured m I 967 for a trial of a broadband 
r~toratlon 'tV..,t~m. rhllii<" !J\\'itchcs. ,,.jtll three series contacts in each cable 
~witch ~lem;nt, provided ~t l~ast 95 dB of isolation loss at frequenaes up 
to 100 MH,. [Fig 7-1 4) 
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h • b•1g1nnmg l \f tlw hmt• P'-'fil'd uwt•n·d hy 1h1!i \ olumt• J!i 1.:hii raclt·nl-t:IJ 
b) thi! mtr• ductum ol '\ rtifo le I lr'lll•lhs.; ·ni:c·· lnlu Uw I · l1•ph1 ~nc• plant-
11t th.it 11m~ hJs · 1 t.mt1rr•I • i.m n'l.1 • '·chnuh>;;y. Rda -s pr \'1d1•d lhl' l11~t\: 
11nJ mt·nmr • fun hun prt.•\'H>U!oily p •riorm~d by optr h:m~. ilnd lh ')' •' • 
t~1l h~h ·1th~ conncdh1n:-i lw'"''t"'t~n •,u~uibl'r~. rcplijcmg p.11ch cnrd~. Tiw 
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. , en thut1Hh lwr • h~n ~ bt:l!n many illkmpls al repla 1n' r lai m lh~ 
) ,,·11~hmt:; furu lion l'> wdl (~t"'•-" Chapkn; l .:md 2). relr.s ~ rnntmul' H• rla • 
il cy rol .. m lhio; .1rea . Thl"ir "';~I)' luw 0 rt-s1~tanu.!, wmbrned w1th a 
\' ~ry tu~h I+ u..·~1~\ nc .. and J tolt·rance to lltgh·vo1tclg ·urJ.::B that .1pp )ar 
cwr tk?lq>hon ' lmi:~, m.1.ke th..:m d1ffi~ll h.1 r •plaet.:. E\'cn th p d ad· 
\'.ln t .. ~ o f •lh st41t ..... , ... 11 ·hing dt.·1.·k ~ i~ or l11tlt• t,( r1 ~ucnce m lhl' 
pplica• 1uns Lts h.ing •• , • nalog 1gnal 'f • b ·ing !iw1r tu.od Th lo"'• tabl1• 

h: 1 t.1n ""' •f m~.- ,1 .1llk unl~.:l m t:1 !'CU-omL"Ch11n1cal n·l3)s do no1 l.ntroJuc • 
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nom\aUi.• du. 
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c:hanh.-ill r •lay di·m .. md ''' ou~d decR•a:sc a nah.canth'. Tius1 h n, •\ i:r. ta 
not mllleri 1iz1 · I. ~ln 1 hen• ar .. many "P C'lal u · 1 { t>lecUomL!Chantcal 
r •lay~ m ( thcrwi~1.· ~oh st.lte ~y .. IL~m" :\'t•n al ·~ I tJmL> ot pubhc.mon r 
thi"' \•plumr• • • 1-.: trn•u.· -di1t.· bi~'n 5\"fltdiing tart~ l11 pr~ad and ~l1hd ~slllll! 
S\\'Uchmg 1s b-..:c 1rt11r'l>g .:. signific.lrtl foclor. I, r~ 1 num~ of •JectromL' 
~ h. m .11 rday-. ~ire ~•111 li 11ing pr 1duc1 d ;.it lhn,, fodlill cif AT& Ti.: h 
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h·.1 Hn~ rod uc1~rs. 1 inl.ltunzahon uf r •I.\\ .. mllh">S lh\:m quth.: ompJt1hlc; 
"rlh st•rrni:t ndu hn Cflmp,,nl!nt . so u1w .m • I th t l.'I th JTh'\:hamLal 
11'1. , • .,. H'•ll (•1 nlu1~w hi lhrl\c m .) \\' ~'d I ultwrv,he r'lm1n h db\ L'ml 
C ••n~lu h 1 ~ • 
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Chapter 8 

Capacitors and Resistors 

Impregnated paper capacitors played a major role as ge11eral-p11rposr c11 -
pacrtors for most of t/Je time period covered by this /listory. Various det•rlopmcnts 
resulttd 111 smaller size, leakproof seals. improved moisture res1sta11re, a11d 
ttehmques for predrctmg a11d meas11ri11g life expecta11cy. A second material, 
111rca. was used in cl1an11el filter capacitors because of rts /11gl1 stabrlrty a11d 
low loss. Organic a11d sy11thetic film capacitors played large roles 111 later 
dtsrgrrs, as did units based 011 metalized paper. Witlr tire advent of transistor 
crrcurtry, tantalum solid electrolytic capacitors came into prominence. A111011g 
rtsrstors, the basic wire-wou11d type was popular for over 50 years. As demand 
for resistors increased, a searcli for new and better materials was mitrated, 
ond deposited carbon resistors were introduced during World War //. Fi11ally, 
tantalum nitride resistors, with superior stability, precision, a11d a low tem­
ptrature coefficient of resistance. became tire dominant resistors. 

I. CAPACITORS 

1.1 Introduction 

Smee the days of the Leyden jar and early wireless telegraphy, the 
capacitor has played an important role in electronics. It is an energy storage 
de\•rce analogous to a mechanical spring. In its simplest form, the storage 
medium (the dielectric) completely fills the gap between a pair of parallel 
metallic plates. Energy is stored in the displacement of charges under the 
action of an electric field induced by an applied voltage difference In 
combination with an inductor (the electrical analog of mass), reson.1nt 
energy storage systems may be constructed, and from combination!- of 
these circuit elements, various filtering functions may be dt.'vtSed Other 
applications stem from the nature of the electrical impedanct.' of the ideal 
capacitor Since its impedance varies inversely with frequencv and ca­
pacitance value, de isolation between circuit~ an a signal path m.w be 

l'11n<1p,1I ~ull1<>r (. A GuddotrJ 
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Fig 8 J C.ip~otor st.nictures. (a) The ba.s.1c stnJcture has a capacity C -= cA/t. \•.'her~, IS 
the di.eJeanc com.rant or the d1elecrnc matenaJ ha.v1ns a tllickness 1 • .and A is the area or 
th< capacitor (b) Stadong n LlyeTS mcrease;. th• capacrtance n-fold . Civen electrodes of 
nt.."ghglhlc th1ck:nei.~. the capacitor volume is V ntA, giVJng a capacitance dtnslty of C/ \' 
• 1/1' Sr.ad.mgr> don• for m1c• •nd rerotmi< upariiors (c) With Rexible clielectncs. such 
h papi.•r Mylar•. or polystvrene, the \\'Ound structure is preferred. 

obtained. Separa tely. this characteristic permits low-impedance bypassing 
of signal currents or power-supply ripple currents to ground. 

For power-supply filtering and low-frequency bypassing, large capac­
itance \'alues are required In contra.st with this. lower values of capacitance 
but very tight tolerances and long-Jenn stability a.re necessary for frequency· 
shaping networks. In some electromechanical switching circuits, the time 
constant of resistor-capacitor networks plays an important role. These 
circuhs operate to reduce the clicks and pops in signals that the opening 
and closing of contacts may induce. and they serve the additional function 
of oururruzing the spark erosion of relay contacts. Finally. for hjgh-frequency 
and broadband transmission applications, the additional constraints of 
small size and low self-inductance a re essential. 

Several capacitor structures are shown in Fig. 8-1. The capacitance value 
as proportional to the dielectnc constant and the surface area of the dielectric, 
and inversely proportional to its thickness. Since natu.re thus prescribes a 
very lhtn structure ol large area, a primary motivation through o ut the 

• Tr•d~m.tr}. u( £I Ou Punt dt" N~mo.urs Co, Jnc 
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lustory of capaator development was a search for matmals havmg phys1Gal 
properties that permit stacking. wmdmg. or other C.bncabon li'Chn1ques 
to attain a three·d1mens1onal assembly of nurumum •olume CapaoiAnce 
density (capacitance per unu volume), howe•er. I) propomonal to the 
dielectric constant and inversely proportional to the square of the thicknhs 
of the dielectric (plus the two metallic electrodes) The general dtrectton 
of capacitor developments is discem1ble from the.e ob>er\·aboM 

The major challenge 'Vil~ 10 find stable. Ihm diel«tnC mat.-nals of high 
dJelectnc constants and !ugh dielectnc strength The ph1-sical propert1t!> 
of both the dielectnc and the metal electrodes played an important role 
in structural designs and m the econonucs of manufacture The h1stor) ol 
capacitor developments in the Bell System was. of course, dOS('ly hnl<.t>d 
to the changing nature of the telephone business As a pass1'e rucu11 
element, the capaotor complements the mductor and the l'l'SIStor U> pro•1d.-
1he array of functions needed m the telephone syst•m 

1.2 Paper Capacitors 

£n 1927, P. R. Coursey' compiled the dielectnc propemes of o•cr 125 
hqu1d and solid matenals. Al that early date, the rota! del!Wld for apaotor.. 
was dominated by the telephone system, and only a few of Coul'><?} !> 

materials were in use. Rag stock paper denved from linen and impregnated 
with paraffin or other waxes provided the dielectnc for a major portion 
of Che early demand; mica and anodic aluminum OJOde took care of tht­
balance of Bell System needs. 

For impregnated paper capacitors, the metal electrodes "ere general!\· 
thin sheets of lead·hn, and the uruts were wound as descnbed an Fig 
8· l to obtain high volumetric effioency In 1929, \\'estem Electnc man­
ufactured about 7 million capacitors of more than 50 types based pnmanly 
on this ~tructure. (In contrast, the manufacture of capaotors of all 1, pt'!> 
by Western Electnc was on the order of 200 million an 19i4.) \\'11h man· 
ufacture at that level and growmg rap1dll•, there wu a ronhnumg s.:arch 
for new or improved materials and processes and for mnovaU\e manu · 
facturing methods. 

In perrneating the structure of paper capacitors, the 1mprt•gnant fills the 
vo1d$ and serves to solid!fy or cement the Mructure to enhllnct its phv,1caf 
and elcctncal properbes Paraffin, Mlh occasional .... addJb,es, was the 
pnncipal 1mpregnan1 unttl the late 1920s Its pnnopal de6oenoes "~re 
its low dielectnc constant and its propensity to !eat.. or Oow from the 
structure nt elevated temperatures In 1926, a mineral wax (No. l~ com· 
pound) was introducl.'d to manufacture, followed shortlv by an 1mpro• ed 
chlonnated napthalene (Halowa\ ' ) in 1928 lnaea-.ng demand for rt' 

• Tr•J<mJr~ ul ~upp<rt Co , In< 



314 C11gr'1tttri11g a11d Scir11ce 111 tlrr Btll Sy5lttn 

ducuon m size played an important role m new designs of paper capacitors, 
and 1 lalowa' offered an attracuve soluuon. since Its dielectnc consl<lnt of 
about 5 5 permuted a SO-percent mnease m volume efficiency fmhally . 
the pr•"-encc uf less highly chlonnated pha~es (monochlor) in Halo"a" 
SC\ crdv hm1ted the life of the product, because 11 tended to react with 
the asphalttc compounds used as a structural sealant to keep out moisture 
An ear!\· effort m the research area was therefore devoted to the punfi­
catton uf this matenal 

In 1929, improvements m the quality of linen rag stock paper permitted 
3 reductton m dielectric thickness from 0.0005 inch to 0.0003 inch, and 
improvements in manufacturing processes to permit capacitor fabrication 
with this thinner paper were introduced by Western ElectTic.2 These ad­
\'ances were complemented by facihhes for pressing wound capacitors 
into nat clltphcal forms before and after impregnation to compact and 
stab1hLe the structure. A pnmary incentive for these changes was the need 
for capaci tors of smaller size for use 1n station sets and in central office 
•-qu1pmen1 Pn><.Stng after impregnation was intended to maintain an excess 
of "a ... at the end of the urut as a moisture bamer, this was difficult to 
ach1cvc bttause of shrinkage of the paper during cooling. A solution 
de,t'loped m 1935 was the use of a lead can that was compressed along 
with the capacitor unit and subsequently filled under vacuum with a soft 
mineral ''"" 1 The lead can design is shown in Fig. 8-2. 

l-5 CENTIMETERS -I 

f 1K l' ~ rh,· h.•,1J (dn C>ip.1(111.)f. 1nlrodu{1..-d 10 l'JJli J\J ~t>lUIHH'I tt• thl..' problt:m U( ptU\1Jll\,.. 

.. n1l•1-.1urt· ti.unl't o1t 1h,· ~nd 0€ \\.-.,·1n1pr'"·~nJh.-J f'J~·r J'-'\'t\.1S Thf..• c~n "'.SS <un1prl'"..J 

.. 1~111.- "''h th,• L.IJ".H.1hrr un1t .lnd 6tlt..J undl·r VJ1.uum ,,..,th .1 "M..tft rn1nt.'T .. t ,,.a-' 
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At about this same tome. wood pulp (Kraft") p.opn ol sunable quah11 
and th1cl..ness was introduced for larger capacit•nce v•lues These dt.>,·el­
opments, together wnh the introduchon of 0 00025-inch alummum foil 
for the <?!ectrodes, contnbuted to size reductions culmmahng m tile first 
" combined" station set, in which all components were housro m the base 
of the telephone. 

Because of vanab1hty in the final size of the pres~ le•d capaotor 
container. the conversion of th1S structure to stud mounhng for centul 
office use was complex and not economical Aluminum uns had been 
considered for this use . but cost factors and the poor •dherence of seahng 
compounds to ;iluminum prevented the metal's eul) inuoduct>on The 
conhnuing decrease in the cost of aluminum. howevt>r, •nd the development 
of the soft mineral wax referred to above combined to ma~ thlS strocturr 
a feasible venture A manufactunng tnal was completed in 1939 The 
results were economically and esthebcally attrachve, but quantuy man­
ufocturt> was delayed until 1946 l>ecause of cnhul materul shortages 
dunng the war years 

?aper capacitors for h1gh ·voltage appbcabons "ere m.nufactwed br 
\\'estem Electnc in relahvely small quanhhts beginning in 1925 Ea!ly in 

thlS penod, 1t was observed that very small amount> of tnOl"lutt "ere a 
cause of short bfe-espeoally when conbnuous opnallOO •t lugh \·oltage 
and relatively high temperatures was requl!ed Earl)' unpttgn.ints. were 
m"tures of petrolatum and paraffin that behaved re•sonabl) we-ll but 
tended to soften and now from the containers ai high tt>tnperatures' A 
compression-type rubber seal was introduced m 1931, but mo1Sturesealed 
within the container continued io plague the product A dnnand for smaller 
designs .and the development of a rubber seal for lt•Lproof rontamm 
rekindled an earlier interest in liquid unpregnanl> for lugh-,oltage use 
Among materials studied, polychlonnated b1phen1·l(PCB) had pamcuhrly 
•ttract1\•e d1electnc pr0Jl('rt1es Its use mac ap.ootors "u common "11h 
oub1de manufacturers, but hlllt w•s known of us de pro~rbes Follo"ing 
an intt>ns1ve study at Bell Laboratones, a senes of ca~otor de<>1gns was 
introduced, renectmg a 30·Pfrcent reduchon 1n volume compared to ca · 
p,1c11ors using mineral wax The low Vl.IC()!;1ty and sohent charactenst1cs 
or l'CB reopened the prublcm of leakage 1n the field and prompted the 
development of plastic molded terminals that rould be soldered 10 ihe 
metal container. (Fig. 8-3] 

A few years earlier. a ra~h of field f.u.luresof small central office capaotors 
had prompted an e~tcns1ve program of life and rd1ab1ht)' ~tudi...s at Bell 
L.il>oratones Samples ''en.• drawn at random from Western Elecmc·~ 
monthly production to establ1Sh •broad data base for produe1 cuntrol <tnd 
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f1H lil ·3 Th..- l89A c:.tp.tatur A 
)O pt"f.,;t•f\t rtduc:non Ln vofumt' of 
h1~h \'Oh~p-upaoiors w1~ •<h1t'·fd 
b~ t.1\1~;: potvchlonnlttd blphtn\·l 
1l'CB1.,1h• b.Jwd unpttgn.u11 11< · 
C.li&IW thr P'T'lptf1:1'l.10t IS liquid j)U\l)C 
moldtd itmiuul.s )Oidtted w tM 
mitt~: .. unutntT "'ere muudU«d 10 

•• ..., l<ili 

1mprovemen1 The t11Chn1ques "'ere extended to the evaluation of PCB as 
an impregnam for high-voltage capaators with very interesting re-suits 
Although PCB g•neralh showed excellent chemical st.ib1hty at high tern 
peratures under moder at• dectnc stress. 115 use in lugh·voltage de ca pa a tors 
"·as irun.illy ~ppombng because or rapid deumoranon A senes of careful 
srudJes by D A ~1clt-an, G T Kohman. l . A i\ooten L Egerton, and 
\1 Brotht>rton defined 1he chemical and electrocht>rnica.I reactions and led 
10 thede,elopm•nt of addill\e stabili2"rs ··• Mo;t 1mponant among th~ 
was anthraqwnone. ,,·h1ch was added to PCB in h1gh·\oltage capaator 
manufacture in 1939 Th1sstab1h1er was addl'd to lfalowax for low-voltage 
capaator.. a year lat~r Proce!os mformat1on for this s1gn1ficant means of 
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e•tendmg capacitor hfo was made available, roy•ltv fr~. to the US. go,. 
emment for use 1n m1htary equipment dunng the.,., ~••rs 

A final conmbuhon to paper capacitor quahty w•s made in 1942 ,,hen 
1t \"as found that cont tolled oxidation of the c!lpilator p.1per ""''.is haghly 
beneficial to long ca pad tor hfc.'Th1s work stemmed fromearhor cooperanve 
progr<lms '"ith the paper manufacturers. which were continued through 
1944. bnnging changes 1n paper processing with sigrulicant improvements 
in the quality of this basic material 

The years 1935 to 1945 were ma1ked m parhcuwr by the de'elopment 
of techniques for the accelerated hfe test evaluaoon of capaotu1 matenals 
and structures The success of programs ated abo,·e "as m11ally dependent 
on statistical methods and the dettmunahon of acceltr•non factors to 
forecast life expectancy from short-term tests'• 

1.3 Mica Capacitors 

Mica is a natural mineral occunil'g in small blocks that requrre skillful 
splitting into sheets by hand It is ol interest as a dJeltc'tnC for capaators 
because high-quality mica has e>;cellent dielectnc properties-pnmanly 
very low intrinsic loss and• lugh deg:tt of s:tJbtblV Ho" e-er. 11 frequentl~· 
contains undesirable mineral and ''tgetablt impunMS that detract from 
1tc; q11aiJit}· Sinee r'n.lca as a relabvely stiff and hnttfP nut@na..I. \·o1umetnc 
effiaency is obtained by stacking alternate layers of rruca and electrode 
material in the manner descnbed in Fig. 8-1 A firushtd urut lS shown m 
Fig. 8-4. Because of the amount of hand labor requ1ttd mica capacitors 
are conside rably more expensive than paper capaators 

Starting in 1925, mica played a small but import1nt role m capaotor 
manufactu re. Its primary use was in capacitors for channel filters m earner 
systems, where low dielectnc loss and a !ugh degrtt of stab1htv were 
important Since the capaatance \•alues for channel filters were noouna11" 
quite low. only a few sheets were reqwred in a stad. Finall\• the preose 
values needed for th.s apphcanon could be obtained bv stlecbng the final 
sheet in a stack or by selecting the s:ze of the last metal t>lecnod<" m the 
Siad. Designs for precision capacitors introduced in 1930 used copper· 
foil electrodes to provide complianet with the somewhat irregular nuca 
>utfaces, while avoid ing the plastk flow associated ",th lead-nn foil Tem­
perature compensation wasa11ained by the use of hardmed->teel clamping 
plates with brass screws to pro.,de uniform pressure O\'er a moderate 
temperature range. 

Even with a compliant electrode C\aleml and clamping. arr voids are 
not completely preventable For this reason. 1mpro\'ed processes were 
desirable in which the electrode matenal is in dn't'd contact ,.,th the mica 
The first significant change towMd process rrnpro' ements occurred in 1930 
and 1931 Cathodic spullenng of silve: an'1 ptahnum by ton bombardment 
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fl~ ~ A m1C• C.tpaO!Of As t!ilfl\· IS 1925. mica wa.s usrd 
btoc'Ju* of lb lU"""' lntnMIC l~S aind hJSh St.tbll~· 

ma high-vacuum svstem was successfully performed at that time. Although 
this process was to form the basis for the tantalum thin-film technology 
(see Clhapter 9 m this volume). the high sheet resistance of these thin 
iilrm addl'<I 100 much loss ro mica capacitor characteristics to be attractive. 
Chenucal depo;>ibon and elllctroplahng were tried as an alternative means 
of dep~ibng metallic films on mica, but thl>se were abandoned!. Finally. 
a commeroal salver paMe used for decoranng china and bonded to the 
surfac" bv heat wao found to offer an attractive solution. ThlS technique 
was first used at llell l..lboratooes on fused quartz for very low capaotance 
\alues In 1937 the method was extended 10 Pyre>.' glass as a low-cost 
replac.,ment for fu;ed quam Fired silver electrodes on mica were mtro­
duct!d about the same time, but the- general use of silvered mic-a in pro­
duc11un did not occur unnl 1940 Metahution by thlS technique eliminated 
the aar 1oido "°that the need for clamping the structure under pressure 
"as rooured p<!rmlttmg plastic-molded rruca capacitors to be 1nll"oduced. 

1.4 Coramic C•p•dlors 

The dielectnc properties of cerarntcs were studied by researchers at Bell 
Laborat0nes as earlv as the second half of the 1920s Although ceramic 
pl.11ed an ampurtant role m ell'Ctron tubes and oth~r Wes1em Electnc 
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products. capacitor development was not pursued at tlut tune Ceramic 
capacitors with rather wide tolerances became a\·11!1ble from outstde man­
ufdctur~rs m the m1d· I 930s Although these c•paators competed with 
mica units m their performance characteristics, the requtrements for pre­
cision in channel filter use were not easily duplicated e~cept by St>le<tively 
pa1nng capaC1tor clements. For these reasons. Bell System needs were 
hm1ted, and all needs were filled by outside purcha)l'S Only dunng \Vorld 
War II did Western Electnc produce a small numberof lugh·voli.oge ataruum 
dJo>ode ceramic capacitors for rrulttary apphcabons 

1.5 Substitutes for Mic. C•p.citors 

The high demand for small, radio-frequency byp.lss c•paotors and the 
restricted supply of mica created a critical supply shonagt dunng \'.'orld 
War 11 This situation wa> alleviated by the development of a senes of 
small, molded. oil-Impregnated paper capaators These capaators used a 
relatively viscous cable 011 found to be supenor under voltage stress to 
the commonly used lighter Otis This developmt11t wu t1mely, since 11 
preceded the growth m demand for pul.se-fonrung ntt,..oru r<qwred in 

radar systems Even though the capaotance ,·alues "'~~I m pulse­
lormmg networks, meeung high-voltage requ1ttmt111> "ould ha'" con­
sumed large amounts of mica The methods of rtlub1l11v t\·alu.H10n de· 
veloped earlier were applied to these 01l·1mprtg11ated capaators to dt>· 
termme that they could withstand the lugh voltages and high puts.- cuzrents 
of the intended application. Design informauon and the resulcs of Bell 
Sy>tem tests were shared with other manufacturer.. of pulst> network ca· 
pacltors to effect a significant reduction in demand for quahl\• rruca during 
the war 

1.6 Org•nic Film C•pocllon 

It was recogn11ed as early as the 1920s th•t • hornogt'neou> dtc!l«mc 
film should be supenor to impregnated celluloo.e 61>.!r (J>.IP"t), 1n th.u such 
film~ bhould permit a more uniform th1c~ness con1rol "uh fc"er defects 
than reprocessed "natural" matenals How~ver, the n~ults of these early 
\ ludies wefe frustraung for many year:1, and synthetic org4n1c dieleclnc 
films did not play an important role In Bell System components until rather 
late m the time span covert'd by this history 

In 1921, West em Electnc engm...ers fabncated C\penmental capaotors 
1n which the d1electnc was an enamel of the l)'J><' u<>ed as an 1nsulauon 
C<1.1hng on '"re and cablt' \\'hen films of cellulos.- acetate about o 0005-
mt h thick became a'•1lablc! 1n 1928. these films,,., .. e'aluatt-d together 
'"th metal foil co.tted "1th cellulose acetate The dll'l\'Ctn< ~trength was 
lounJ to be madequ•t~ ur. •I ~1. to be no bett1•r than wa\ 1mprq;natl-d 

-
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paper Furthermore, a difficulty with generating dielectric films on metal 
foil from the liquid was that surface tension created thinning or the film 
at comers and edges. This markedly reduced the breakdown s trength, so 
this effort was abandnncd 

Among precast films. cellophane was invesllgated extensively in 1931 
and 1932 but its d1electnc properties were not attractive in spite or co­
operab'e wor\.. by the manufacturer to improve the material. 

Polys~Tenl' wa~ a\•a1lable in film form at about the same time, and 11 
1mtially looked very attractive because or lls low ac loss. H owever, the 
thin films a'atlable at that tJme were too bnttle and too stiff for winding 
but not stJff enough for stacking in the manner used in mica capaator 
structures. A limited amount or polystyrene film was used ror a s pecial 
capacitor in a m1htary computer in 1941. Here a s pecial heat -tn~atment 

process was devised to provide a very stable capacitor with low dielec­
tnc loss 

Polystvrene \\as used spanngly in Bell System applications until the 
late 1950s. when an improved flexible film from a source in Germany 
appeared on the market Foil polystyrene capaators thermally processed 
to heat-shnnk the body and to fuse the ends or the wound unit were then 
possible. and bv the 1970s, a moderately large number or these devices 
were used in tht Bell Sy~tem They had e"cellent low-loss charactenshcs 
approaching th,1t or mica, and their temperature coefficient or capacitanc(' 
was a good match for a particular rerrlte compound used in the fabrication 
or inductor> Smee the units could be fobncated to rather close tolerances 
and the stabihtv was quite good, there was a moderate demand ro r this 
product 

The ma1ur breakthrough in the field or organic dielectric- films was the 
de,·elopment by DuPont or polyethylene terephthalate (Mylar), which was 
introduced in product> for Bell System use in 1952 Since the material has 
mod\"ratell luw dll'lectnc lo;s and high phy&1cal strength, it had a profound 
impact on c.1pac1tor dt•;1gns or the following 20 yea~. Its high mechanical 
>lrength m cumbmahun with the lower voltage requirements or trnnsis · 
tonzcd c1rcu1t' permitted the design or capJC1lors using films as thin as 
O 0001 inch 

Bell L.iboratont> pla)'ed an important role in the development of Mylar 
capaator... >tnce DuPont> interest in Mylar wa; &purred pnmanly by the 
growing market for tran;parent, h1gh-~trength pla>hc packaging materials 
(!l.lylar .. d~irablt dwlectnc properties were brought to hght as part or a 
cunllnumg >earch bv Bell L.iboratones for new c.1pac1 tor material!; fh1s 
Sl'arch m\ol\·t•d rt•gular contacts by Mcl..l!a11111 and others with the m.11or 
chl'll\ltJI firm; following World War II ) lnturacho11& between DuPont 
,ind !kit l...iborntom·> wcrl' parhculJrly gratirymg in the postwar ye.irs as 
thev rela11'tl tu optim11.it1on of the phy,1cal proiwrtic\ ur Mylar J> a capatitur 
J1l'l1·dnt 
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A later contender m the organic film arena "as pol)·prop)lene a low­
cost matenal with low-loss char.:1C1erist1cs approaching those of poh >tyrene 
Endowed with high dielectric strength and a marked 1nsensHJ\"1ty to mo1s· 
tu re. the film was first used with foil electrodt'S m capao tors for Bell 5) >lt'm 
stahon equipment m 1971 

1.7 Mttali:r.ed Film Capacitors 

In England, G F Mansbndgt>11 recognized as early as 1900 that seff. 
healing in the vicinity of a d1electnc defect I!> possible 1f than metallic films 
are used in place of foil electrodes. Localized heating caused by a >hurt· 
orcu1t current at a defect in the dieleC1nc \'apon.res tht than mt'lal la1·er 
to isolate the defect region from the- capaotor proper Some mod.,,t effort 
toward attaining thin-film coatings on paper started an Bell labor•tones 
1n the 1930s with the work of Kohman, who pursued these developments 
following the advent of vacuum evaporatJon techniques for d.-~1tmg 
aluminum and o ther metals on quartz crystals for freqoenq conlTOI \lodels 
of metalized paper capacitors were labncated. and the proces.s "J> l'\ aJ. 
uated for manufacture. However, the low vapor pressure of aluminum 
lirruted the deposition rate. and 11 was found that ' 'aponzed aluminum 
tended to penetrate the porous s1n1cture of capaotor paper resulting m 
low breakdown voltilge. For these reasons. the proces.s did not app.?ar 
sufficiently attractive to consider manufacture 

At the end of World War II, an in' estJgating ream from thl' US. 
Department of Commerce found that the Robert Basch Company m Ger­
many had solved the two problems cited abo\'e The)' had deH•loped a 
means of coating capacitor paper with a very thin film of lacquer to fill 
the porous structure. The dielectric strength was enhanced. and the pos· 
s1bility of corrosion of the Ihm meral film under hunudJry and potenll31 
was reduced. Further, they used WIC Ulstead of alununum for the \dporant 
because of its high vapor pressure and consequent high rare of evaporation. 
Pure zinc does not adhere well to dielectrics, but the Germans had dis· 
covered that the dielectric could be sen5ltized by adding a trace of SU\ er 
to the vaporant charge to obtain bnght adherent coatings of Wlc ",th 
good conductivity. The Department of Commerce contracted with IVl>stem 
Ek>ctric to evaluate the lacquering and merahzing machinery and to dem· 
onstrate this new productton rt>Chmque ro tht> American t>lectronics mdustr) 
Supplied with a coater ,rnd an l'''aporator from Germany and for a one­
dollar fee, Oell Labor,itories fulfilled. the contract t! Capacitors made 
from met,lllLed paper were introduc,>d into Western Elt>etnc manufacture 

about 1949 
Developm~nt of c.1pacitors with metalized t>lectrod~ on ~hlar was 

S!Jrted by Bell L11bor11tor.ie~ a~? Western. Ell'C'lnc in 1951 This l\'pe of 
capaci tor \\'.lS produced tor nuhtMy 3pphcahon> begannin!\ in 1 <155 and 
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5 '"f'll" "•' m u.w unul 1qo5 "'hen ll ".a\ •~rl.ac.ed bv tht> 21 '"'Pf' The- 1-10 l~"Pf' ~•) 
1ntt\.Ju<N an t11:~ 4.Vftttnu.1ne;.a tr..nd vf t.1/C' rnilK'taom thr~gh 1h1nn.-r papn •nd ltuntwr 
tad R"J,'l.k'.ll'nwnt c•f lhc- ~ld<ft'd <.tn ,., tht· 1-40 t\-pt ~1th •n t-\trud«l dununum u.n 
.uhw' cd .n f'\ m mvtC' ClHnp~CI 'tnl' l\lff._' th\· .; 39 t\·pr \tNh.rt"CI fMPft ot.nd mt'1.al11c<d 
\1' 1•r ' .ar•i::1t1-n. l~h'1urJ th<" titnJ Tht• .,,.~ t\ rw ''' 1.ar c•r•<1tur b..""1dn h.J" .. "S" th1nnn 
J1t•lt"LtOC •nJ. 1h1nf\\'f 1·lt'\.Uvdl~ fl'qUlf\'\ no Ol\•l.tl ('.tr'I b«aui.ct II 11 It~\ W"nt.111\. (' IU ""1t)t\.I~ 

th.An m•·t•ltr, J r•f''' , .. r .. ,·uun 

for Bt>ll ~~'km use starting in 195& These capaotors were manufact\Jr,'11 
b\ \\l'>km 1:::1•-<tnc m rap1dh intrl'asmg quanlltll'S. reaching an annual 
raw ,,f I m1lhun in 1959 and .ilm0>t 10 m1lhon m 1960 Us.ige continued 
m '•r.· lar~e quanuu~ ahl.'r 19&0 Their numb.n. "l'rl' l'Xcel'ded only b\· 
oul"de 'upph.r~ ceramic t) pe~. which were parhcularly attract!\,. for 
w1de·tol1•rann• apphcat1ons in tr.in,1stor circuits F1gurl' 8 ·S shows the )Ill' 

r.>duclllln attained ~mce 1905, .i trend In which mctah1l-d M ylar reprl'Sl'n ts 
th" la't 'tt·p 

t .8 Uc«rol) he C• p•<itoD 

Thi l.'kdr.>lytK capaotur wJ\ Jt'>{ol'l'll'<l m th1• l.it1· 18000, Th~1· l.l 
p.1<1to"' t'\tl'I tn providing 1.ir~;·· bhxk~ uf c.1p.1c11,1nll.' a t low cost l h•·tr 

-
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d1sad,'<1ntage is that they are polanzed and have a rdall\dl' lugh St'rit'> 

resist.inc~ However, these shortcomings are 1nco11S<qu<nnal 1n appbcahlln• 
at low frequency and tn liltenng the output of po" er ;uppht'> and motor 
generators for charging telephone cenual office baltent> 

The four elements of an electrolytic capaotor are sho"n in Fig b-b 
The first electrode mat<•nal was selected from one of the metals such as 
aluminum or tantalum, whose surface may be con1•erted to 1b o"idt> b)• 
anoduat1on techniques The amorphous oxide so gen<'rated forms the 
capaotor d1electnc E•tremely thm and uniform oud..s SI'"" n by this 
method show excellent d1electnc strength, and 11 is this characterubc that 
contnbute~ 10 the high -volume effioency or these component> The funebon 
of the second electrode 1s performed by the electrolyte, but 11s more im­
portant function is to provide a supply of oxygen by electrochemical pro­
cesses 10 h<1al faults occurring in the normally contmuous o\Jde film 

This healing of the dielectric occurs only when the metal t'lectrode 1> 

the anode and the electrolyte is the cathode of the cap.intor structure 
With the polarity reversed, breakdown occurs readd) and the capaotor 
forms a s hort circuit. Thus. the structure behaves lrke a rectifier Unul the 
mid- I 950s, this rechlkation mechanism was not understood correctly It 
was believed that the oxide was an electronic conductor and the metal 
cathode was a source of electrom. Conduebon would then occur \\1th the 
metal as the cathode. The electrolyt~ .,., .....n as• >OUrtt of ions ~nd 
not as a source of electroru, so conducnon should not ocrur "1th the 
electrolyte as the cathode. Since at the ttme the term '"vaf,-e was used 
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ior • r•><llfier metals that could be oJUdi2ed bv anodization techniques 
"eri' referred to a;; val\'e metals 

Pnor to 1930. comparall,·ely iew electrolytic capacitors were used in 
the Bell S~.,tem plant e"ept for large, hqwd-liU.,.J glass container types 
us..>d ior filtmng the output of de generators. because th!' quality of S<>­

call..d di)· elemolytes (u;;mg a paste instead of a liquid), developed by 
other manufacturers. had generally b~n found marginal for Bell System 
capaotor use However the plans for a self-contained speech ne~vork for 
stallon set use created a patenhal demand that warranted an intensive 
de,dupmi!Tlt starhng in 1932. Smee the miruaturizatton of paper capacitors 
dJ,.cus<,ed m secllon l 2 offered a solution. this effort was short-lived. Fur­
ther >tnce \'\estem Electnc annual purchases of aluminum electrolytic 
capacuor., we"' somewhat less than $25,000 unbl about 1938, the intro­
ducuon of such a product to manufacture was not warranted. The results 
ot these developments were used to assist suppliers in improving their 
product and m prepanng speaficatlons and acceptance documents. 

T amalum wa; one of the valve metals studied for electrolytic capacitors. 
Th~ attracuve tugh d1electnc constan t of its oxide (approximately 26) was 
ulbet lll part by the high cost of the metal. Expenmental capacitors were 
made m 1935 usmg cathodicaUy sputtered tantalum films on an aluminum 
b.b.-a forerunner of the thm·film work of the 1950s. By 1935, the Fansteel 
\!~ti1lluri;ical Corporation was markenng porous tantalum ~lectrolytic rec· 
nlier and capaotor elements In a program of collaboration with Fansteel, 
Bdl labora1one> worked tt> improve the structure and purity of tantalum 
puruus anod"' and to conttnue developments of capacitor products. lab­
uraturv modcb were used in development circuits in 1941, but little ad­
d.iuon.il wor~ "•>done unhl after the war By 1948, it appeared that there 
h <•uld be a >1gmficant Bell 5~-stem demand for wet tantalum capacitors, 
iiut It ".l.> d.-odt:d to purchase this product from outside vendors 

Th ... aqul'tl~ electrolvt" detracted from the other excellent features of 
elo:ctrolvnc capao1ors. as electrolvtes might leak. dry o ut, or congeal at 
lo" t ... mpt!ratur<S In the I.lie 1940s, H E Hanng and R. L Taylor of the 
chcnucal """'arch ar"a conceh ed a tantalum ~lid electrolytic capacitor 
that U5<'S a compl.,teh· >0bd nonaqu~U$ medium"" They proposed a 
'tructure "'' ohmg a ""nucunducung oiude as a part of the rountere!ectrode. 
It prv\ld<.,. ..1d'-"lu•t~ conducll\11) for normal capaotor use- but lirruts the 
cuffi'nt .lt detl'Cts in the t•ntalum oxide d1elmnc, ,, hile supplying oxygen 
rt.'qUII...d tor healing the defects After stud\1ng the propernes of mangan<!SE' 
d10>.1d" and lead d!oX1de the\ soon concentrat"'1 on tht' former becaUS<! 
01 It~ ~1mphot~ in app!Jcattun .ind control 

In 19 50. a c.mc.:n,od d~velopment dfort was launched under McLean 
1u enpn""r th ... proc ... ss fv1 manufactufr .~ poroU$ tantalum anode was 
cho .... n 0\ er tantalum fu1I MdUS.: vi JI> !drge ratio o r s.u.rface area 10 
\ ulumt> 0~\ dopm~ru ut • m"th.i.J ..JI C-'ldratin~ thi; porous mass \va$ 
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a key contribution to the success of the new capacitor After th• anodic 
o>.1d.- was formed, the porous body was »turated with a manganou~ 
nuratc solu11on that was then heated to decompos111on ''°'"'Ii• res1du,• 
of manganesl! dioxide. This process was repcatl'<l several llmf.'l> to ?n>duc~ 
essentially complete filling of the port-s in the tantalum anod~ A coating 
of colloidal graphite and wider then completed the <trucrure. "~ICh for 
most Bell System applicahons was protected by a molded plasuc boch 
(Fig 8-7) 

The tantalum solid elrtt1ul) tic c•peocor hol.S. .1 n.ltur~J cornpl~t 10 

the transistor. The low impedance level of modem 1rans1Stor orcuits d~ 
manded a proportionate increase in capacitance, but the operating 1oltagt-. 
were reduced With voltage rabngs of 35 ,·olts or lffi \'ery thin dlcl.ctn< 
oxides (precisely controlled by the oJUde formation \Oltag~J u>uld bt• 
used, and with a dielectric constant of 26. the ,·olumetnc <'ffiCl~nc) "a• 
very high. 

~Vith the increasing use of sohd-state logic in the Bell Sy>tl'm, the dmwnd 
for tantalum solid electrolytic capaotors increased dramaucall)' By th~ 
mid-1970s, tens of mil hons per year were manufacturt'd Tht> de\tlop~nt 
of batch processing methods of fabncabon ~ulted in \er\' lo" cost Im· 
provements resulting from mdjor developmentS in 1he 19Ws mcfudoo the 

L 3 CENTIMETERS 

r~ ti i T.1nt.al11rn ~thJ t·l1..xtn•l\t1, (.lpJ1.,h•f°' fn\)lJt.•J in• rta .. -. .. 
~.J\ A J'4-lft-~" tJnlo1lu1u .an1iJ"· •~ ,,,,Jtt,.J t\l ,,_.rm ., dit-·J,, tt't( .inJ 
bfillt.J ,, 11h .- "'·nu~1."'nJu\1tnt:V'hl,·1•f nwn~"'""C "hk.h \oo.,.,,~ 
,,.,-. t. .. th._"'-f<' .toJ "'urrftt.' "''\~t>n nffJ,oJ "' hic"l '-"' Jt'"h\t" an th,· 
<h1.•I\'\ U I\ C,•ll1.1hl.tl ~r .tph1h: JO\J .,,,,f,t .. ·r f1,_1fm th,• (\lf'!~\i h, llw i...l~\' 

-
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a1Ll1nmt:nt lll h1ght>r punt' 1n tantalum ancx:fl" prt>Ce~~1ng and a better 
unde"l•nJmi; <>I ~eomc1nc dfocl> on ac prop<'rllcs and the role ol man­
s•n,..,.. dlll"de on lht: >t:ll healing prOJX'rhc·s of lhesc co pac1lors. 

ti RLSISTORS 

2 J lntroduC'.llon 

Jn th• edflV '"",...''""red by th" h"1ory. reMstors w..,re used pnmarily 
.i.• currcnt·lim1t1ng dt:\'ICC> for battery chJrgmg or in networks for the 
dl'tnl>utuin ul power 111 >wl1chmg and olhcr central olfic.., fociht1cs. Sta bili1y 
•nd long hie JI power leveb uf .I f.,w watt; were primary requiremenls. 
t\Ct:pl for • \mall dcm•nd m 1hc 1npu1 orcui1s or vacuum lubes and in 
r•d•u apphcauun,. «<;1srur 'Jluc;, were generally b• low I 0,000 ohms (!l), 
and 1h1• par.1;11lc dfoc1' uf inductance and capacnancc ass11ciated wi1h 
w111'"wi1und re•1>lur; were not dctrirncnl•I to cirC\Jlt pt!rforrnancc. Only 
"' 'wil<hm~ ')''tern' were luriher dcvdoped and as radio and earner 
')''Jtt:m\ "l'mc tntt1 b\•tng did tt\t.1~t· pJramett!r.S ~ssume 1ncreasi11g impor· 
IJt\ft• Qt1111• tn>;l!n1ou~ btructurt.-"); werl' devised to meet the new needs, 

l .2 Wlrr·Wo•nd R .. 1,1ur> 

n.1t · 1 ypc•. \'i1fl' \\'l>Und rt.~li;,,to~ U"t(ng nichromf! \'Vif~ 00 phenolizCd Cards 

'"'"' p11pulJ1pnur1111926, and thl.' rack-mounted 18- and 19-ty)>" resistors 
•h11wn m Fig 8-8 w~rc already U>Cd In fairly large numbers Indeed. these 
r·irl"ul.u rude> were >till m manufacture at a level or about 10 million 
f'1:1 1·c.ir •> ul 1977 Over the year.., m~ny d<~ign improvements were 
m•1k I he produd or the mid 1970;, was assembled on a nickel-silver 
'1>fC With J )'hcnoli7cd •sbc•tO> wrapping tu provide good msu latlon and 
•t.ihih1v •t icl.ill\ clv high tempcra1url'>. Termm.1ls lur solderlcss wrapped 
11•i111c<11nn• were h••ld p11'<i><•ly in plac.• by phenolic molding l<'Chnlqucs 
dl'1"1uf'l\'..t m tlw IQ)O;, (sec Chapter 7, s~chon If) Low tolcrnncc, higher· 
pl>\,1.·r r1..1~1~tol") tlX.>1' tltc f(>r1n or '\v1r~ \\'Oun<t on tl'ram1c cores v.1ltl\ a 
\ 1lrt..'llU\ cnll.JJ\l'l (ll\'l'f COJI 

I 01 P'""·rle'd' below I w.itt (W), molded c•rbon to111pu;lt1un r«slstors 
""'" 1111t1o1llv ubta1neil frum lh• Alll•n llmdlcy Comp.1 ny, follow11111 m· 
h•rJ\llUn' wrth \\'~"i'rn UcL1r1< 1•n11in"~I> 'hortly Jftl'r 1900 rh~ h11~r-
11;1t111n.1l R,•,i.t1>r CumpJnl' vcl">tu" u( .1 ~unllar u111t rolluwcd " nunib~r 
111 )C•ll' l.uer I or ;1p1ilr-.11iun~ re<Juonng prcn>c 1 .. 11111» and long· t~rm 
~t.1~thty \\'lr1.• \\"UU Mti l)1J~1' ,,.,ti' \ 'oln.,tllll\\ 10 \\'IJ1d1ng tt•c ltnl<lUl'!:t \\'CfC 

u""j rtw mdu<1Jn.~ m l11gh fl»l,tM"c <ode> Wil> m1111mi1cd by brfilar 
~1r1d r1·\ t.·r~t· '' u1d1n~ tir t)t )ttr .. cl1en11:".t 

1'1•rh.iJh 1h" n11,.,t >1i;ni(llJ•ll B.:11 l. 1bor.11 
tl• \'\\JrlJ \\'Jr JI \\'J' J llil'Nl·~ '' ' ' ' 11 l' \\'l•l 

"'''tt)I ... 1~vt.•I\'•'"'''''' ~1r1or 
.,( J"''\t:}l\:t t>.,,\..cJ \JO th' 
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Fig 8·8 Fl.11 l\f"C' ~ton wan;; nKhf!Jmf' "'"'°' 
\\'Ound iar<1und pht'ndhLN cards. h N.:.h h~ 1n u~ 
pnor to t9~f) lmrr1;1\t'd mlXft'ls ol 1h~ s..m.: N»' 

dt•!')tgn '"'"'''~ 111111 '" uk '"''"'SO yf'.lt) IAtcr 

J?7 

use of mandrelated wire In these stnJ<nJ!\'5, nichrom• "'"• 1>ith •diameter 
of 0 002 inch or less was wound on a small-dJametor ronun core .i 150 
turns per inch to obtain • resistance of about 800 ll per hnru inch of 
<or• \\' hen impregnated wnh B.il.ehte' •·=ash. this structun• could be 
wound on a mold.-d phenolic core "1th integral •"•I rormanauns leads 
Under th<' code numbers 106 and 107, these designs 1>tn>used an preru1on 
<•r(Ults and in earner telephone ~pphcalions where the ne..'CI for low an­
duct,1ncc and low distributed c.1p.1cit•nce was parucularly important (Fag. 
8-91 Precision (with toler•nces in the rang• of 0 .1 perc•nt to 1 percent} 
~nd lo\v noise \vere ~,n,ong the c:har11cterisrics parr1cula.rl}' des1rrd 

A vanalion of the 106 and 107 tvpt>s saw e\tensl\'• sen1ce an World 
\Var II Prl'Cision resistors an lari;e qu.111tl t1es were required for computers. 
gun dar<!ctors, and 01her ooncrol systems '"'ht>re rehab1hl)' .tnd rtstSlance 

- =-



328 Cn~111ttri11g 11nd Sc1t11rt 111 tl1e Btll Syst~1n 

-3CENTIME1ERS -

f ... b-4 \1.AfldnoW~""''ln'--"'lJllnd fftbtors "'lwh Ulof' • <vttun cvrt> ~Tilppc!d \\"llh ruchromr 
•::-- •• 1~ tu.nu pn inch tN1 in rum._.. "'ound on • mold~ r~nohc cmc- The~ t'JO"-Mi~ 
hldi. pr~ tp,.. Nmor '°"" sru!.u.:uru,. .ind &Q .... d1"mbutrd c•p.iiat.tn« 

'•lu•~ m th< range from 50 lulohms to I megohm were needed. One such 
d...,,1gn was the carmdge type Many layers of mandrelated wire were 
v.uund on a bobbm m the fashion common m relay manufacture and 
huu,<>d m a brass shell with termmals exmng through a phenolic plate at 
th•· <nd These resistors v.•ere wound dirloetly to a I · percent tolerance and 
then p•ddl'd by a speoal 106-type resistor to obtain resis tance ratios that 
rrac~l'<I tu 100 parts per nullton (ppm) 1' Th~ units were designed for use 
from the iropu:s to the arebc and 11 was reported that they performed 
r•ruC\lluh well in the Afncan campaign 

2J DrpD\ttrd C.ubon Rrsistors 

8..'<'au,., ol an earber interest 1n carbon as a resistor element, several 
r.-.rJrch<r. at Belt Laboratones had bet>n e•plonng the pyrolytic cracking 
<•I h\dr.xarbons for depo;1tmg carbon films on ctrarruc bodies Resis tors 
''' thl' tvp.' had ~n produced earh~r 1n Eurupt; by methods that were 
mor•· art than science Smee the d<!mand tor rl'S1stance wire was starling 
''' <>Ut,tnp capaCll\ 1~or~ w., •ccdeuto..i in me earl\• years of Wo rld War 
II Film '""'~tors had e>c<n "' mter...-.1 .. arh~r o~cauw of apparent resistance 
chani;l' m wir•'1> .iu< to ,km ··n<ct .at m~h 1r.qu<noe. further, except for 
alll>1' such •• n1Cnrom<, th~ l"IT'0"'' ·•Ur .. co,,Hicients 1or metal films were 
kno" n t,1 t>t· n1i;h 

l'rl'<l~ ..... ~ J11J l.sl..11. 
m, !h•nt> ,k:,d' ,, t'rt: J 

•"'llJun JI ~arbu11 Olnu rron\ 
1: ?ns.t~r :snd V\' von 

-
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Fig 8 lO C.oarbon filrn tH1srur; mAd~ bv gnndlng hf-hail Wt""" 1.h.r"'°,.:h th<- 6lLn ~ 
1u1vmo1ttd machinery dt'\i~lupt-d by \\'f1tt'1Tl Elrctnc: ntr;i-nttn 

Roosbroeck.1• 17 lnstabihhes that were observed in carbon films depos11ed 
on Lenox· china rods were traced to the migrabon of frtt alkah metals 
1n the presence of de fields M D Rigterinlc.. a research cnarrust. de' eloped 
a particular alkaline eanh porcelain, c.Ued the R·3 COmJ'0'1bon. that "as 
free from polarization of the type observed 1• Resistance ad1ustment m · 
eluded film thickness t'Ontrol based on both the controlled murure of 
methane m nitrogen and on bme and temperarure rotlSlderabons Au· 
tomated machinery was developed by eng>nttr5 at \\'esrem Eltctric for 
gnnding helical grooves rhrough the carbon film to obt,un preosion ad· 
justment to the desired value. (Fig. 8·10) 

Deposited ca rbon resistors were used extensively m aircnft radar systems 
arid in computers for the MS gun director. For apphcabons reqwnng the 
greatt>St stability. resistors were individually sealed 1n glass and bad-filled 
w1th helium to provide an inert en•'lronment. 

Following \Vorld \Var 11. se'eral miniature versions of the deposited 
carbon rt>Sistor $OW extensive USt' in the Bell System Charactl'nzed b• low 
noi;e, excellent high -frequency performance. tight tolerances and long 
hie, these resistors enJO)'Cd populanty from about 1946 to 1970 

2.q T•nt•lum Film Resistors 

Thl' shortcoming of deposited carbon resistors 15 th<'lr relau,eJv tugh 
temperature coefficient . In the search for altt'matl\e matenal S\"Stt'ms. 
)puttered tantalum films" ere found to '1.ave many des1Ubl.- features Tlus 
m:t.tcn.il system,,,~, being 1n\·fM;t1galed .as part n( thP thin.film techno~· 

d1~ussed in Chapter 9 o( this .-olume In the rou™' of this "ork "lule 
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"'plonns lhl' effect of adm1lhng small amount- of "'•rll\e ~ 10 the 
»cuum spullenng chamber in 1962, D Ce11i.nb..rg found rlwt nt>.u­
-:oich1ometnc tantalum nitnde films of COml""lhOn T•,:\ \ho"ed ~­
u!Jrl\ a11rac11' e properues as a resisror malena1 1

· "' The l<mpeulute coef-
6oent of res1sll\lt\' for these films ( 100 ppm per d<gt.,.. C) """about 
''"" fourth the value for dep<>sited ca1bon film Funhn lh<' long-term 
dnfl stab1h1y of Ta,N films was markedly beuer than 1lw1 of de1""1t.d 
<arbon, and 11 was further enhanced by thermal proces<.ing tn alI at el.-·ared 
tempera tun» A number of Bell Laboratones and \"estern Electric engmeers 
collaboraled 1n devising a technique for fabncanng and 1nmrrung a planar 
resistor structure based on Ta,N films 11 [Fig 8· I I J 

The concept started with a molded R-3 porcelatn bodv ha,mg a ser­
pennne channel embossed 1n the acih e lace dunng the pressing opera11on 
The surface structu re was preserved through finng. "11h the resull that 
the spurtered Ta11': film conformed 10 the hills And '•llevs of the surface 
ropography After the unit was thermally processt'd. 11 "•• pass"'1 bene•th 
the wheel of a surface gnnder to cut away the lulls lea\ ing the meQI 6lm 
onh 1n the $<>rpenhne ' 'alley. Further. lhe \\1d1h of the S4!'tpmttne smpe 
was• funchon of the depth of the gnndtng cut Ir was a reUO\ek <imple 
matter 10 use the measUied resistmce ,·alue as a fH<!Nd. cunttol of the 
depth or surface gnndlng to obtain preos1on re<isr.nc<' tnmrrung. Indeed 
the precas1on attainable \Vas such that at ''''1S not ttononuc to C'OnttnuP 
the two in111al codes of 1- and 3-percent tnm toln•nCt'. And onl\ the 
nghter tolern nee was produced as of the m1d-1970s These resistors found 
broad apphcauons in Bell System equipment, by 1975. 1ust under 100 
m1lhon resistor.; were fabricated arinually by Wesrem Electric ar 1ts l\'inston­
Salcm, North Carolina plant al a cost competinve \\1th commeraal resistor 
codes of lesser quality 

Ill, CONCLUDING REMARKS 

In this resume of de,·elopments m suppon of cfucrele capaotors and 
re.1stor.;, a few fundamentals stand out in h1s1oncal pet"pech\'t' E.>ch 
phase of the development programs was dictated b\ uruqut> needs or lhe 
Bell S)·s1em at successl\'l' pomts in nme A common thread is the se.uch 
for improved stab1hty, long hfe. and often, nghtly ronlrOlled parameters. 
For e•ample, precision capacitors wer<" requiro.'d for camtt S\'Stem channel 
filter> long before the industry at large was faced \\1th apprt'CLlble demand 
for hgh1 tolerance units. Space cons1deranons d1cta1ed b\ the stanon S<'I 

and bv the economic pressure lo reduce floor space for cen1ral office equip­
ment played an importanr and continuing role 1n the dn\'e to rruniatur-
1za11on FmJlly. the advent of the transistor and modem microelectronics 
placed c•lrcme pressure on the auainmcnt o( very small size In part, this 
was >imply tu obtain a compatible reducoon 1n system size More 1mpor-
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wntly. ho ... c\<r, sHte~ "uh mcreasmg transm1;s1on capacity required 
<><r-mcreaSU'lg band,.,dth and thu> e.cellence 1n pt'rfonn,1nce at higher 
and higher frequeno<:> Thts need led m due time to the populanty of 
t•ntalum >0ltd dectrolvhc> and the ceramic capacitor o f outs ide suppliers. 
::>1mtlarly Ta,t\ film re<.1Mor> pla v a key role m all modern electronic 
"i\ ".:ttt'm.!t 

Ot course. the putential for CO!>t and size reduction> 1s limited in any 
Ji"'1'<h! component >\>tem In s1hcon technology. this interes t an size re­
ducoon l<d to the de•dopm•nt of the integrated o rcuu technology. as 
dt..cu>sed an Chaptl'T 2 The s.lmt> dn\lng forc..s spawned the tantalum 
thin-film technolog' r•'••"ed m Chapter 9 of tlus \'Olume, which has as 
It> toundanon man) de,clopments dPSCnbed m the present chapter. 
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Chapter 9 

Thin-Film Circuits 

Tl1ill-film teclrnology grew out of work on discrete devices. Spullered tantalrm1 
films were found to be suitable resistor material, and anodically ox1d1ud tan­
talum was demonstrated to be a good dielectric for capacitors. Thm films 
dtpos1ted on glass and later on ceramic s11rfaces, pa Itemed by photolrthograpl11c 
ttclm1q11es, led to integrated resistor and capacitor circ11ils compatible w1/11 
tire evolving semiconductor device technology. Initially 11sed with discrete 
transistors. thin-film technology was soon adapted to beam-lead silicon i11te­
grated circuits by the inclusion of an i11terco1111ectio11 a11d crossover tecl111ology 
compatible with thermocompression-bonded silicon devices. The resulting hybrid 
circurt technology became a major means for Bell Laboratories to provide 11niq11e 
cirrnit functions across a broad spectri1m of applications, including prec1s1on 
filters for transmission systems, Touch-Tone generators for telephone sets. and 
the family of IA circuit packs that fom1ed the basis of an advanced processor 
for su•1tching systems. 

I. INTRODUCTION 

Deposited carbon resistors were introduced as cost-effective alternatives 
to wire-wound resistors in the late 1940s, as described in Chapter 8 of 
this volume. Since carbon films have a rela tively high temperature coef­
ficient of resistance, on the order of 400 parts per million per degree C 
(ppm/ degree C), alternatives to carbon film resistors were sought. At other 
research laboratories, a search was started in the 1950s for altemath·e 
materials that could be deposited in thin-film form. At Bell Laboratories, 
boro-carbon films were investigated but found to be highly unstable. 
Therefore, an investigation of a broad spectrum of metals and alloys was 
started in the mid-1950s by a group that was also responsible for the solid 
tantalum electrolytic capacitor development. Consequently, it was rec­
ognized early in the work that tantalum is suitable as a material for both 
resis tors and capacitors. It is from this effort that thin-film technology 
developed, a technology that was soon recognized to hold great potential 

f>nncip.i l authors: R. W. Berry and D. Ccrstcnb~rg 
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for networks of capacitors and resistors, and which later provided an 
effective means for interconnecting beam-lead integrated circuits (lCs). 

II. EARLY DEVELOPMENTS LEADING TO RESISTOR CIRCUITS 

The traditional method for depositing metal films involves evaporation 
techniques. It is suitable for most nonrefractory metals, but the deposition 
of alloys with a well-defined composition is quite difficult. Sputtering was 
considered as an alternative in 1956 by H. Basseches, because it provides 
a method suitable for the deposition of alloys and metals. including re­
fractory metals. After assembling the necessary equipment, Basseches 
started a systematic investigation of the properties of thin films of various 
metals and alloys.1 

At the same time, R. W. Berry started to investigate compounds such 
as tantalum silicide as a resistor material. Using Basseches's sputtering 
equipment, he deposited tantalum films on quartz substrates for later con­
version to the silicide. When he realized that these films were optically 
smooth and had no inclusions (as was characteristic of mechanically pol­
ished bulk tantalum), he decided to use such films for some fundamental 
measurements of the dielectric properties of anodic tantalum oxide, the 
dielectric used in solid tantalum electrolytic capacitors. As mentioned in 
Chapter 8, these capacitors were increasingly important, but at the time, 
the physics of the structure was not adequately understood. 

Films thick enough to be anodized were sputtered on microscope slides 
and anodized to 100 volts (V). ln order to have a well-defined area of 
oxide film to measure, a gold electrode was evaporated onto the anodized 
tantalum, and the capacitance of the structUie was measured, using a 
small-signal ac capacitance bridge. In accordance with the theory of rec­
tification of an electrolytic cell involving a "valve" metal (see Chapter 8). 
the test structure using gold as the cathode was expected to be essentially 
a short circuit to de. Jn reality, the structUie could withstand voltages close 
to the anod.ization voltage. This not only changed the understanding of 
the solid tantalum electrolytic structure but established the feasibility of 
what were then called tantalum printed capacitors.2 

While these studies were in progress. samples of tantalum films for 
resistor applications had been set aside and were remeasured after sithng 
in the laboratory for about six months. They were found not to ha\'e 
changed in resistance value. This result was better than had been found 
for any of the other metals and alloys that Bassech_es had e ,•aluated; ac­
cordingly, he decided to begin a much more intensive study of tantalum 
films for resistor applications.' ' Initially, tantalum films with a she_et. re­
sistance of 1 o to 100 ohms per square (!?/O) with a temperature~ cOt>fficient 
of - 200 ppm/degree C were produced. and methods for ad1ust1ng the 



Tl11n·Fil111 Cirruits 337 

n><;istance and protecting the film by anodic oxidation were developed by 
Ba~seches, P. L. McGeough, and D. A. McLean.~ 

With these findings, it was realized that the tantalum thin-film system 
permitted the fabrication of both resistors and capacitors on the same 
substrate. Printed capacitor and resistor networks, later known as thin· 
film res, appeared feasible, and further development efforts were directed 
at these goals under the leadership of McLean !Fig. 9-1 ], who recognized 
the potential of the technology and who subsequently made significant 
contributions to its development. 

For producing patterns in the sputtered films, the photolithography 
techniques under development for transistors and ICs were adopted (see 
Chapters I and 2 of this volume). The photoresist process initially developed 
was not compatible with the mixture of hydrofluoric and nitric acids re· 
quired to etch tantalum. Thus, a patterning technique involving a sacrificial 
copper film was developed, and in 1958 a demonstration circuit was made 
with 27 resistors and 9 capacitors on a single ceramic substrate; holes were 
drilled into the ceramic for transistor leads. The area required for all the 
components was less than two inches square, showing the potential of 

1'1g 9 -1 l) A Md'""'· n pll111<'<' 1' In t,1nt.1lum thin 
film t~fh11ul11t\Y 
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the technology for combining several thin-film resistors, capacitors, and 
rransistors on a ceramic substrate of a size considerably smaller than an 
equivalent discrete component circuit" Shortly thereafter, a photoresist 
process was developed with which tantalum could be etched directly. This 
permitted significantly improved pattern definition and simplified the 
process 

But merely being able to build both capacitors and resistors on the same 
substrate is insufficient to allow for the fabrication of complete circuits. A 
means of interconnecting those components as well as providing external 
electrical connections to the substrate is needed. The first material system 
developed for these purposes was a combination of evaporated nichrome 
(to provide adhesion to the substrate) and gold (to provide high conductance 
and joinability). While this metal system was adequate for internal con­
nections, the gold dissolved too quickly in the solder used to make external 
connQ<:hons Accordingly, an alternative system was developed, consisting 
of nichrome followed by a relatively thick layer of copper, which was 
then overcoated by a thin layer of palladium to ensure solderability.7 This 
NiCr-Cu-Pd metalization system was used for all circuits fabricated before 
the introduction of beam-lead silicon devices. 

In work directed at improving the understanding of the properties of 
tantalum films, D. Gerstenberg and C. J. Calbick found that the structwal 
and electrical properties of tantalum films were strongly affected by ele­
ments such as nitrogen, carbon, and oxygen, which are present in most 
vacuum stations in the form of background gases.8 This led to the de­
velopment by Gerstenberg and E. H. Mayer of tantalum nitride (Ta1N), 
whkh, as mentioned in Chapter 8, became the major resistive film used 
for discrete resistors.9 

A later development in resistor films was tantalum oxynitride, w which 
could be made to have a temperature coeffioent of resistance equal in 

magnitude, but opposite in sign, to the temperature coefficient of capac­
itance of tantalum film capacitors, thus permitting temperature compen­
sa tion in resistor-capacitor (RC) networks. Another later addition to the 
family of tantalum-based film was a tantalum-aluminum alloy developed 
by C. A. Steidel in 1969, 11 12 a very stable film that can be made with 
about twice the sheet resistance of the nitride. 

The first circuit chosen for a feasibility evaluation of the thin- film tech­
nology was a modulator pad used in AS channel modems containing ten 
resistors and two capacitors. !Fig. 9-2] In a joint effort involving Bell Lab­
oratories and the Western Electric Allentown Works in Allentown, Penn­
sylvania, 500 modulator pads were fobncated. The circuits were installed 
in AS channel modems by the Western Electric Merrimack Valley 'v'.'orks 
m North Andover, Massachusetts and were successfully placed into service 
in many locations throughout the country in 1962. 
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Fig. 9-2. AS modulator pad as.~cmbly-thin film (left) 
and standard (right). The first field trial of circuits with 
tantalum film resistol"!. too\.. place in 1962. 
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Although this experiment showed the viability of thin-film RC networks 
in a systems environment, the yield of the capacitors was not adequate 
to commit RC circuits to production. Accordingly. at that time, only circuits 
with resistor networks were made available for commercial appltc,1hons. 
The first of these was a resistor-transistor logic circuit for the 101 ESS• 
electronic switch private branch exchange (PBX) system. The design had 
to be electrically and mechanically equivalent to an existing design basl:'d 
on discrete components. Resistor and conductor patterns were generated 
on a chemically stable glass substrate7 of high quality !Fig. 9-JJ, which, 
with its associated transistor, was mounted and interconnected by welding 
the circuit terminations to leads molded within a phenolic cradle. The 
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I 11; 9-3 Transistor- resistor logic gate for the IOI ESS 
l'll'ctronic switch A Ihm film res•~tor networl on a glass 
sub!.trate is connected to lead!; molded in a phenohc cradle 
The tr~ns1s1or (nght side) 1s connected to the s.ame h.••dl> 

leads of the assembled gate were inserted into via holes in a printed wiring 
board for soldering. Manufacture of this circuit began at Western Electnc 
in Allentown in 1962. 

These circuits established the feasibility of thin-film technology in a 
systems environment. Accordingly, systems designers became confident 
in the technology, and further designs were not constrained by the re· 
quirement of mechanical and electrical interchangeability with a discrete 
component design. 

Because glass is mechanically weak and a poor heat conductor, alumina 
ceramic was introduced as a substrate material. Improvements in ceramic 
technology permitted the fabrication of nat, thin , glazed substrates \~1th 
numerous holes posiboned as desired, permitting direct mounting of several 
transistors and thus the implementation of several logic gates in a single 
circuit. In 11ddition, conductor paths on both sides could be connected 
through the holes to provide more nexibility for interconnections between 
gates. Because substrates as large as 4 by 5 inches were available, as many 
as 12 circuits could be processed on one piece of ceramic; they were 
separated by diamond sawing after all thin-film processing was completed 
Transistors, leads, and through-connect eyelets were then inserted into 
the proper holes tn the substrate and wave-soldered to the NiCr-Cu-Pd 
metahzahon. Smee the leads were directly mounted on the ceramic, no 
plastic earner was needed, as in the case o f the AS and I 0 I ESS electronte 
switch designs. The resistor networks for I 0 I ESS switching equipment 
were redesigned on alumina ceramic utilizing these advantages and " 'enl 
into production m 1964. [Fig 9-4) 

-
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Fig. 9-4. Multiple transistor-~istor logic gates imph.>mented 
on a ceramic substrate: (a} top view; (b} bottom view. Because 
holes can be drilled through the ceramic, transistors and leads 
can be mounted directly to the ceramic, and both sides of the 
ceramic can be used for circuitry. 

Ill. CAPACITORS AND THERMOCOMPRESSION BONDING 

341 

A major development effort was launched in 1962 to improve capaci­
tor yields and to establish long-term reliability. This effort lasted for several 
years and resulted in a better understanding of the parameters affecting 
the quality of tantalum film capacitors. F. Vratny, B. H. Vromen, and 
A. j . Harendza-Harinxma found that capacitor yield and life test perfor­
mance depended on the crystalline structure and mechanical properties 
of the bottom tantalum electrode.13 

It was found that in thin-film form, tantalum can exist in a crystallo­
graphic structure different from that of bulk tantalum. Structural analysis 
showed this structure, named /J-Ta, to be either tetragonal, as first reported 
by M. H. Read and C. Altman in 1965.'' or to have a hexagonal subcell 
that was transformed irreversibly to body-centered cubic (bee) tantalum, 
the structure of pure bulk tantalum, upon heating in a vacuum to 700-
750 degrees C. However, there was no adequate understanding of the 
detailed role of such variables as sputtering parameters, compositton of 
~puttering gas, and substrate surfocc chemistry, that initiated and controll"d 
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the fonnation of 8-Ta Only in 1968 and 1969 did the work by L G 
Feinstein and R. D Huttemann lead to a better understanding of the 
cond1t1ons that cause the fonnation of the #-Ta phase.1' Their work showed 
that 13-Ta was an allotrope of tantalum formed in the nucleation stage. 
The presence of gaseous impurities was not necessary for its formation, 
but surface oxygen or hydroxyl groups played a major role in the nucleation 
of /3-Ta. 

At the time, dielectrics fonned by oxidation of /3-Ta produced thin-film 
capacitors superior to those made with dielectrics prepared from sputtered 
bee Ta This improvement resulted in higher initial yields (based on leakage 
current measurements) and a much smaller number of failures during 
accelerated life testing. The striking difference between the performance 
of d1electncs prepared from bee and {J-Ta appeared to be due primarily 
to the high incidence of mechanical faults in the bee Ta, which resulted 
in weak spots of tantalum oxide fonned on it.13 

Concurrently, Vromen and J. Klerer studied the effect of anodization 
voltage on the behavior of leakage current, reverse and forward breakdown 
voltage, capacitance, and dielectric loss.16 Their work revealed that tantalum 
film capacitors fonned on {3-Ta improved markedly in yield and in failure 
rates, as shown by tests over a wide range of voltage and temperature 
stress conditions, when the anodization voltage was increased to over 200 
V from the 130 V used in the coirly work. The effect of primary film 
composition on capacitor quality was studied by Gersten berg. 1" The results 
of this study demonstrated that addition of small amounts of either carbon 
or nitrogen to tantalum was desirable not only for consistently meeting 
the 50-V de leakage current criterion used on 230-V tantalum film ca­
pacitors, but also for optimizing capacitor reliability. 

The observation that capacitors with pure gold counterelectrodes ex­
hibited a sensitivity of capacitance to changes in humidity Jed in 1966 to 
the use of the Ni Cr-Au interconnection metal system for counterelectrodes. 
The addition of the thin layer of NiCr along with scrupulous pre-evap­
oration cleaning essentially eliminated the sorption of moisture at the top 
electrode-oxide interface; It also reduced the changes in c<1pacitance ob­
served in cycling such devices between 0 and 87 percent relative humidity 
from 3 percent with gold counterclectrodes to less than 0 .2 percent with 
N1Cr-Au electrodes 18 

Dunng the period from 1963 to 1966, it was also shown that Ta~N 
could be anodized and used as the basis of a thin-film capacitor 1" However. 
the dielectric constant was found to be lower than that of anodic 0'\1de 
films formed on (3-Ta or bee Ta containing less than 5 atomic percent 
nitrogen. Jn addition, the dielectric constant of the anodic film ch.:ini;cd 
as the material was anodized, thus making control of capacitance difficult. 

The usefulness of a layer of oxygen-deficient manganl'Sc ox1dl' (MnO:) 

d 
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1, part of the counterelectrode to make a thin-film version of the solid 
t3ntalum electrolytic capacitor was demonstrated in 1966 by McLean and 
F E. Rosztoczy.w The self-healing property of Mn02 permitted thinner 
d1ele;;.incs, and hence higher capacitance density, as well as fabrication 
,,n unglazed ceramic substrates. While the breakdown voltage of such 
capacitors was markedly higher than that of tantalum film capacitors with­
l)ut Mn02, their properties, like their bulk counterpart, were also found 
to be more frequency dependent. At the same time, a duplex capacitor 
structure consisting of evaporated silicon monoxide (SiO) on tantalum 
pentoxide (Ta205) as the capacitor dielectric was developed by H. N. Keller, 
C T. Kemmerer, and C. L. Naegele for thin-film capacitor applications 
ll'here the high capacitance density of the Ta20 5 might be a disadvantage.21 

The capacitance in this structure depended almost entirely on the thickness 
of the SiO layer, because of its low dielectric constant (6, compared to 26 
for Ta20s). 

Thus tantalum film capacitors covered a range from one microfarad 
(µf), when Mn02 was part of the counterelectrode structure, to a few 
picofarads for capacitors with the Si0-Ta20 5 duplex structure. 

The first use of thin-film RC networks for precision RC filter elements 
was in a joint effort between the data set and components development 
groups, in the design of the 4028 data set.22

•
23 ln this application requiring 

precision filters, the resistors and capacitors were fabricated on glazed 
ceramic. [Fig. 9 -5) The glaze was protected by a tantalum oxide film during 
etching of the tantalum by a hydrofluoric-nitric acid mixture. Although 
this data set did not go into manufacture as designed, it proved the feasibility 
of the concept. 

Extensive studies of the methods available for attaching silicon devices 
and external leads to thin-film substrates were carried out by a group in 
Allentown under the direction of J. E. Clark. This work showed ther­
mocompression bonding to be the most suitable technique for bonding 
beam-lead silicon devices and gold-plated copper leads to thin-film sub­
strates. 2~ This method brought the advantages of batch processing to the 
bonding operation (see Chapter 2). Tools for simultaneously bonding large 
numbers of beam-lead devices were developed to realize this potential 
and were widely used in manufacture during the 1970s. 

For thermocompression bonding to be compatible with thin-film circuits. 
a variant of the metalization used for silicon devices was developed for 
hybrid circuits. The metalization in use for beam-lead !Cs was titanium 
(for adhesion), followed by platinum (~s a diffu~ion barrier), followed by 
gold (for conduction as well as protection). Platinum, however, was not 
compatible with the processing for hybrid circuits. A detailed study by 
J. s. Fisher and P. M. Hall in 1967-?~ showed that palladium c?ul~ be 
substituted as a very near equivalent.· Unfortunately, the use of titanium 
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Fig. 9-5. Tantalum component side of a thin-film module. In this first application of resistor­
capacitor (RC) networks for use as precision filters, the resistors and capacitors were on 
glazed ceramic. The glaze was protected by a tantalum oxide film. 

as the adhesion layer reduced the yield of thin -film capacitors drastically, 
and for circuits containing capacitors, nichrome had to be used in place 
of titanium. 

In addition, the glaze used to smooth the surface of the ceramic so that 
resistors and capacitors could be fabricated was not compatible with ther­
mocompression bonding. While the answer appeared to be unglazed sur­
faces, the surface morphology and surface chemistry of unglazed ceramic 
were variable and deleterious to the component's properties and film adhe­
sion. Considerable ceramic substrate developmental effort was expended 
from the late 1960s through the early 1970s to solve the problems of 
adhesion of Ti-Pd-Au films, 21' resistor variability, and interconnection in· 
tegrity. A fine-grained 99-percent alumina substrate was developed by 
D. J. Shanefield and R. E. Mistler, 27 using a tape cast process that solved 
the adhesion problem and resistor variability. R. C. Sundahl and E. J. 
Sedora2

H made a detailed quantitative analysis of the relationship between 
the distribution of various surface defects (pits and burrs) and intercon­
nection performance. 

An alumina ceramic pilot line was established at Allentown in 1970 to 
develop these high-quality substrates. Through experience gained at this 
facility and information exchanged with both alumina raw mat~rial and 
alumina substrate suppliers, the substrate quality and consistency available 
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from the major substrate suppliers improved to the point that film adhesion 
and resistor reproducibility were excellent; capacitors, however, still required 
a glazed surface. 

To protect the circuits after completion, the active side has to be coated 
with a suitable encapsulant to provide protection against condensed mois­
ture, particulate matter, damage during assembly, and- for some silicon 
del'ices-light. Two critical requirements for the encapsulant are a low 
curing temperature, to prevent changes in the values of precisely adjusted 
tantalum film resistors and capacitors, and the capability to fill completely 
the volume under silicon chips and other components. Earlier work by 
M. White in 1966 demonstrated that Dow Coming room-temperature vul­
canizing silicone rubber (RTV-3145) exhibits excellent performance as a 
moisture protection coating for silicon !Cs (SICs).29 Subsequent work by 
Basseches, J. H. Heiss and A. Pfahnl, reported by Basseches,30 and later 
work by Heiss, D. G. Jaffe and R. G. Mancke, reported by Jaffe,31 was 
directed toward the evaluation and further development of various Dow 
Coming silicone dispersions for use as encapsulants for hybrid !Cs, in­
cluding silicon devices and appliqued components. Major findings of the 
work were that a dispersion of RTV silicone rubber in xylene could readily 
be applied to circuits by a single-step, flow-coat technique, and that no 
masking of external leads to prevent silicone creep was required. The 
silicone rubber, after curing, gave good underchip coverage as well as 
adequate coverage of discrete components. The maximum temperature 
during the curing cycle did not exceed 120 degrees C. Low leakage currents 
between closely spaced conductors aged under bias and high-humidity 
conditions demonstrated its excellent moisture-protection capability. 

The first application of thin-film RC networks to go into manufacture 
was a tone generator for the Touch-Tone Trim Line' telephone.3~ 1t was 
also the first application to take advantage of the compatibility of thin­
film passive devices and beam-lead SICs (see Chapter 2). The circuit con­
sisted of two switchable oscillators that generated a series of tones in 
prescribed pairs, one pair for each dialed digit. A total of seven tones was 
required. The feedback loop in each amplifier included a notch filter to 
control the frequency of oscillation. The pair of tones was coupled to the 
output by buffer amplifier stages in the SIC. The passive network that 
controlled the Touch-Tone frequencies was made of tantalum thin-film 
resistors deposited on one substrate that was connected by gold leads to 
another substrate containing the thin-film capacitors. The transistors, power 
supply diodes, and amplifier resistors were integrated into a beam-lead 
sealed-junction SIC. The SIC was attached to the resistor substrate by 
thermocompression bonding. !Fig. 9-6] 
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Fig. 9-6. Early version of a hybrid IC for the Touch-Tone dial system. In this first application 
of precision RC circuits, the capacitors were formed on one glass substrate; resistors, beam­
lead ICs, and other discrete components were on a second glass substrate. The substrates 
were stacked and interconnected by gold leads; another set of leads connected the entire 
assembly to a printed circuit. The gold wire leads were later replaced by tape leads. 

Tuning the notch circuit to the desired oscillating frequency required 
the development of an economic adjustment procedure. By taking ad­
vantage of the fact that each frequency is a function of a resistance­
capacitance product of the circuit, the frequency-controlling tantalum re­
sistors were designed 5 percent below the required value. By the anodic 
conversion of some of the tantalum to oxide, the resistance was increased 
until the desired RC product was achieved.32 The RC tone generator, a 
unique product of the combination of thin-film technology and SIC tech­
nology, provided cost, size, and weight reductions, as well as improvements 
in reliability over the more conventional inductor-capacitor design. Pro­
duction of these circuits started in 1969. 

Reduction in size and weight and improved circuit performance were 
major motivations for applying thin-film circuits to transmission equipment 
such as the Tl carrier repeater, the repeatered Line for the LS transmission 
system, and the 03 channel bank. In the case of the Tl repeaters, small 
size was the main consideration that led to their redesign in 1965. The 

-
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h -film version carried most of its circuitry on a single ceramic substrate 
I tn . 1· , d 
, .. 
1
mtaining tantalum film components, silicon devices, and app ique ca-

paators. This circuit required a system of conducting metals that not only 
permitted thermocompression bonding of the beam-lead silicon devices 
tiut that was also compatible with the solder attachment of the appliqued 
capacitors. When solder is used on the titanium-palladium-gold conductor 
S\'stem, solder will dissolve the gold and creep from the joint area into 
some of the adjacent thin-film conductor area. In a joint effort between 
engineers at Western Electric in Allentown and in Merrimack Valley, a 
new system was developed in which rhodjum and gold layers were se­
lectively plated over the area to be soldered. The gold layer was etched 
to expose a rhodium dam that oxidized during the resistor stabilization 
process and acted as a barrier to the solder creep .33 

The hybrid IC version of a dual Tl repeater, shown in Fig. 9-7, occupied 
only ~ne-third the volume of the earlier repeater, and in its apparatus case 
occupied about one-half the wall space of its predecessor. In addition, it 

. 9_7 Hybrid IC wrsion of the Tl repeater. White arl'.\S arc idcnticnl circuits. mounted 
F~~ o~ent-side down; the fa ce o ( one such circuit is i.huwn In front. The hybrid vcr;ion 
c p d nly onC'· third the volume of thC' earlier repeater. 
occup•l' o 
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simplified installation by the operating companies, because it included 
automatic line impedance adjustment and thus eliminated the need for 
special networks as well as the engineering associated with th eir proper 
selection. 

Work on active RC fi lters for the 03 channel bank was initiated in the 
late 1960s. The active RC networks that served as antialiasing and recon­
struction filters were made on a single ceramic substrate that initially was 
glazed everywhere except in the bonding areas; later, the glaze was retained 
only in the capacitor areas. [Fig. 9-8] As in the case of the Touch-Tone 
application, the 03 filters were adjusted by anodization. The resistor and 
capacitor values were measured before operational amplifier chips were 
added. From the measured values of the capacitors, a computer program 
calculated the desiied resistor values, and the resistors were then adjusted 
in an automated, computer-controlled test set. After the beam-lead op­
erational amplifiers were attached to the substrates, the filter performance 

. r the 0 3 channel bank. In this circuit, 
Fig. 9-8. The RC active filter fo ontained on a single piece of 

. and res were c 
capacitors, resistors, directly bonded. 
ceramic to which leads were 
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was measured at two frequencies . If the filter did not perform adequately, 
a second test set adjusted the feedback resistors until the filter characteristics 
were within the required limits. The work on the 03 filters serves as a 
good example of the way in which computer aids provided powerful new 
methods for designing, producing, and testing thin-film circuits. Production 
of these circuits began in 1971. 

In 1973, Bell Laboratories introduced the universal "building block" 
concept to analog filters with the standard active resonator (STAR) filter.3 4 

Instead of requiring the filters to be designed individually, the ST AR circuits 
are tailored to a wide range of precision filter applications by trimming 
the resistors during the final steps of circuit production. STAR circuits are 
general-purpose, economical circuit building blocks that perform bandpass, 
low-pass, notch, high-pass, and other filter functions. When the ST AR 
technology was first developed, it consisted of {3-Ta film capacitors anodized 
to 190 V and high-sheet-resistance tantalum oxynitride resistors. Subse­
quently, it was found that bee Ta containing 10 to 20 atomic percent of 
nitrogen improved the long-term aging characteristics and the usable fre­
quency range of tantalum film capacitors,35 and that the anodically formed 
dielectric could withstand higher temperatures than its counterpart formed 
on {j-Ta. Furthermore, films of bee Ta sputtered under these conditions 
exhibit a much lower incidence of mechanical faults than the early bee 
Ta films. The reduced sensitivity to heat permitted the implementdtiun of 
a simple, more economical fabrication process of ST AR and other high­
precision RC filter circuits.36 Thus, in the mid-1970s, bee Ta replaced 
{3-Ta as the preferred film material. In addition, the application of the 
emerging laser-machining technology to resistor trimming provided sig­
nificant advantages to the implementation of the STAR concept.37 Various 
types of ST AR filters are used in more than 25 Bell System products. 
Among these are data sets, Touch-Tone signaling receivers (key telephone, 
PBX, and central office), DIMENSION• PBX, and R2 signaling transceivers. 

IV. INTF.RCONNECTION WITH CROSSOVERS 

As more and more silicon devices were used on single thin-film sub­
strates, the interconnection density increased and a need arose for a structure 
that would allow thin-film conductors to cross each other. This growth in 
complexity of the interconnections was precipitated by the development 
of semiconductor memories and other circuits for 1 ESS and 4ESS switching 
equipment in the late 1960s and early 1970s. Several of these circuits also 
required a metalized ground plane on the back of the substrate with met­
alized via holes connecting it to the metalization on the front. 

A crossover technology was developed so that very large circuits could 

• Registered Trademark of AT&T 
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be realized with up to 52 SI Cs, requiring long conductors and connections 
to metalized backplanes by via holes. A process, originally conceived by 
M . P. Lepselter for SICs,38 was adapted by Basseches, PfahnJ, and W. 
Worobey in 1968-69 to thin-film circuits.39

•
40 

In its final form, as used in the 1970s with selectively plated Ti-Pd-Au 
bottom conductors, the technology can briefly be d escribed as follows. 
First the conductor pattern is generated by coating the ceramic substrate 
with Ti-Pd, applying the photoresist, delineating the conductors, and se­
lectively plating the gold. The photoresist is stripped, and the palladium 
and gold surfaces are carefully deaned. Now, to form the free-standing 
conductor bridges, a 25-micrometer-thick copper spacing layer is plated 
over the entire area and coated with a chromate conversion coating for 
improved resist adherence. A positive photoresist layer is applied, the pillar 
pattern exposed and developed, and the pillar holes etched into the copper. 
A second exposure is used to delineate the beam pattern in the resist. Both 
pillars and beams are then plated in a gold-plating bath at 65 degtees C. 
After stripping the photoresist. the copper. palladium. and titanium layers 
are etched, with the gold acting as an etching mas~ 

With the reliability of encapsulated beam crossovers estabhshed by 
extensive life testing,4 1 crossover c1rcu1t produchon ~an m J9 i:? The 
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~ m the early 1970s. One developed at the Western Electric Engineering 
~~arch Center is batch bonding of separately fabricated crossover arrays 
~.' c1.mductor substrates. Such circuits were introduced into manufacture 
"1th Ti-Cu-Ni-Au conductor metalization.46 The second approach, de-
1~loped by Western Electric in Merrimack Valley, made use of both thick­
and thin-film materials.47 First, thick-film gold crossunder conductor 
~~ents were applied to the substrate by print-dry-firing operations. A 
th1d.-film glaze was next applied as an insulating layer over part of the 
thJCk-film conductors, again by print-dry-firing operations. Finally, the 
crossover structure was completed using photolithographically defined thin­
film conductor lines. 

The first major application of the crossover technology was in support 
of the 1 A processor, an improved processor for the lESS and 4ESS switches. 
The combination of thin-film technology and beam-lead SICs gave tlhis 
processor a distinct performance advantage (see another volume in this 
series subtitled Switching Technology (1925-1975), p. 291 and Chapter 2 of 
this volume). Several hundred hybrid IC codes were designed at the Bell 
Laboratories Indian Hill facility in Naperville, Ulinois and manufactured 
at the Western Electric Hawthorne Works in Chicago, Illinois. Most circuits 
were designed in a standard format that became known as the lA tech­
nology on a general-purpose computer with the help of a specially de­
veloped computer-aided design system. Before any actual circuit realization, 
many logic, encoding, and clerical errors were thereby avoided. Applications 
programs acting on this data base did the circuit partitioning, layout, and 
routing. Without these machine aids, large and complex switching systems 
could not have been realized. 

An example of an FA-type circuit pack using the lA technology is 
shown in Fig. 9-9. With 52 standardized locations (to facilitate testing) for 
beam-lead SICs on the 3.25- by 4.00-inch ceramic substrate, the ground 
distribution requirements are met by a low-resistance backplane metali­
zation connected to the SIC sites through via holes. The power and signal 
distributions are made through hundreds of inches of front-side thin-film 
conductors with a minimum line width of 5 mils, except for the 2-mil­
wide SIC bond fingers. A maximum of 21,112 conductor crossovers is 
provided by up to 841 crossover arrays, also at standardized locations. A 
typical circuit has over 40 ICs and over 3000 crossovers to realize about 
300 gates. The SI Cs, power filter capacitors, and the connector are attached 
by thermocompression bonding. After an application of a protective coating 
of RTV silicone rubber, the completed circuit is mounted on an aluminum 
support plate. 

A few very complex full -size FA codes incorporated resistors to accom-
modate analog functions in addition to the random logic. For functions 
not available in beam-lead SIC technology, such as delay lines, a second 
hybrid was mounted on the support plate and connected to the o"lain 



352 

PLATCO VIA H0Lf 
CONNECTION TO 
GROUND PLANE 

PR OTECTIVE 
ENCAPSULANT 

L..-lliiiiii:.": __: . . -• ' • 

CROSSOVERS 

C11g i11eeri11g a11d Science i11 lltc Bell System 

POWER FILTER 
CAPACITOR 

TERMINAL 
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Fig 9·9 An FA circwt pad .. using a 3 25· bv .; 00-mch ceramic w11h 5::! ~tandardtn-d sites 
for !Cs and a fixed pattern for crossovers. The bacJ.. of the c<.'ram1c contams a melalized 
ground plane connected to the front through via holes, one uf which appeal"i m the magnified 
msert showing the IC slle In addition, power filter capacitors are mounted on the ceramic. 
The orcu1t shO\'" uses batch-bonded crossoH•r.. The c"rarruc is mounted on an aluminum 
base plate that also cames the temunal connector The leads of the connector are bonded 
directh· to the ceramic substrate. 
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M.-Uit. The need for smaller circuits was met by several families of modular 
hybrid integrated circuits with leads directly bonded to the ceramic, some 
(If which were configured in the dual inline format, but otherwise made 
m the same technology. Through use of a limited number of standard 
sues. the preparation, testing, and handling of these circuits were greatly 
facilitated . 

By 1975, over 400 codes of FA and small modular circuits were in 
manufacture by Western Electric, with an annual production volume of 
over one-half million circuits. The manufacturing information for the gen­
eration of masks and testing is obtained from the computerized data base 
generated by Bell Laboratories at the time the circuits are designed. Constant 
improvements in various manufacturing technologies resulted not only in 
ever-decreasing manufacturing cost but also in improved quality andl re­
liability · (The production of these circuits reached a peak level of over 
one million per year towards the end of the 1970s. In 1984, the production 
still exceeded one-half million circuits per year.) 

V. TRANSFER OF FILM TECHNOLOGY INTO PRODUCTION 

In order to smooth the way for the production of thin-film circuits in 
the Bell System, a new type of organizational unit was set up in Bell 
Laboratories: a process capability laboratory (PCL). Its function as an in­
tegral part of the components organization was to assist in coordinating 
the efforts of the device development, systems development, and manu­
facturing organizations, and to help the engineers of Western Electric put 
new designs and processes into production. PCLs began operation in 1967 
in several Western Electric locations close to production lines and near the 
systems development organizations responsible for locally manufactured 
designs.'48 One such unit was set up at the Indianapolis Works in India­
napolis, Indiana for customer equipment, one at Merrimack Valley for 
transmission, and one at Hawthorne for switching. Each PCL was directed 
by a resident department head who reported to the components organi­
zation located at Allentown. The PCL concept worked well, and as of the 
mid-1970s, two of the three original PCLs were still operating. 

Within ten years, from 1965 to 1974, the dollar volume of thin-tfilm 
ICs manufactured by Western Electric increased from $105,000 to dose 
to $80 million. Major contributions to the successful introduction of the 
thin-film technology into manufacture were made by the Western Electric 
Engineering Research Center and Western Electric in Allentown, as well 
as by the other thin-film circuit-producing Western Electric locations at 
Hawthorne, Indianapolis, Merrimack Valley, and the North Carolina Works 
in Winston-Salem, North Carolina. These contributions resulted in the 
introduction of mass-production machinery and other extensive process 
automation . 
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One important example is the design of in -line sputtering machines by 
the Engineering Research Center. Machines of this type began operation 
at Allentown in 1964. There are two designs, categorized as open-end and 
closed-end machines. The open-end machine consisted of a multichamber, 
differentially pumped arrangement in which uncoated glass or ceramic 
substrates entered at one end and came out at the other with the specified 
coating of tantalum.4<1 In the closed-end design, the substrates entered and 
left the vacuum chambers through loading and unloading locks. Although 
the open-end design was more elegant, the closed-end machine was found 
to be more economical in manufacture.50 

The production needs for conductor films were met initially by two 
types of evaporators, one using filament and the other using electron­
beam-heated evaporation sources. ln 1968, a large electron beam evaporator 
was installed at Western Electric in Allentown. This machine could be 
operated continuously through the use of loading and unloading locks. 
Five different metals could be deposited without breaking vacuum, and 
all its operations, except the evaporation rate control, were automatically 
sequenced. When magnetron sputtering machines became available com­
mercially, sputtering in combination with electroplating became the pre­
ferred method for the deposition of conductor films. Other Western Electric 
developments included automated trimming of many resistors initially by 
anodization and later by laser machining; laser drilling of via holes into 
ceramic substrates; and laser scoring of substrates as part of the separation 
process. 

VI. CONCLUSIONS 

Starting with resistors and capacitors, thin-film hybrid technology was 
developed to realize simple as well as very complex hybrid circuits, a 
spectrum that can meet many systems requirements successfully. The com­
bination of versatility, small size, excellent reliability, and cost effectiveness 
has stimulated the use of hybrids in many applications, such as digital 
and analog circuits for transmission, switching, PBX, and station apparatus. 
Hybrids also play an important role in new applications in the microwave 
and lightwave areas. System designers have taken advantage of the many 
features that hybrid ICs provide, including precision resistors and capacitors, 
high interconnection densities, controlled impedance, high stability, and 
excellent reliability. The most recent trends in thin-film technology are 
toward increased circuit density, which will be valuable for new, more 
sophisticated telecommunications applications in the future. While the 
increasing integration of functions on SICs may red_uce t~e imp~rtance of 
some of these advantages, the place of thin-film hybnds will remam assured 
for many years. 

-
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