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Why the transistor ?

» December 16th, 1947 : demonstration of a working point-contact
« transistor » at Bell Labs by J. Bardeen & W. Brattain
— A technical breakthrough

— Leading to « Junction transistor » (1948) ...and others !

— Opening the « Silicon Valley » and the « Information age »

» A scientific breakthrough : 1956 Nobe

Prize in Physics for W. Shockley, J.
Bardeen & W. Brattain.

* A very rich empirical material :

— L. Hoddeson research program on the transistor (1981 — 1997)
— W. Shockley reflection on the process (Shockley, 1974 & 1976)
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- pOInt-ContaCt Fig. 3. The quantitative impact of the observation of 17 November 1947

on “the will to think” as shown by the number of notebook pages used
and per month. (Areas represent total pages used and ordinates represent
ig.rteb?. Eadl; bargiz;micallenc{ar mﬁnt dexce ﬁ for the :})Ene starting on
1 i i November 1947 which is lengthened to Christmas Eve 1947 to in-
JU nction transistor (feb * clude the famous notebook entry of Walter H. Brattain reproduced
1948 in FFig. 17. After 25 April 1948, Brattain shared notebook use with an
) increased number of technical assistants; since the data then were not

comparable to earlier data, they have been omitted.)
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How did they get to this revolution ?

= revisit the magic month through the prism of CK design theory
(Hatchuel & Weil, 2009) to understand the story and the design
process behind the transistor

= emphasize the role of organization and time (long-term historyy)
in the process




The starting point : replacing vacuum tubes

» Aresearch topic at Bell Labs supported by M. Kelly’s
vision in the mid-30’s replacing vacuum tubes (VT)
function to function by a « semi-conductor amplifier ».

— Well known weaknesses of VT: heating, power hung .
fragile, size... BCalEe

 [Initial approach : adapt the components of VT into
semiconductor materiasifucture to structure
— Semiconductors = potential candidates to replace VT
— 1st“naive” concept : looking for a “semiconductor

triode”, trying to insert a “grid” in a metal /
semiconductor device (or two layers of semiconductor)

= failure

K-base (K;) — 1945

|
* A *“rough” theoretical basis :
— quantum theory of rectification (Mott-Shottky theory — for copper
oxyde / concept of “majority carrier”)
— quantum theory of metals / conduction

amplifier :
— Structure to structure experiments (Brattain & al.) => failure
— a “field-effect” amplifier in 1939 and april 1945 => only failures

» War Research effort on radar (rectification for radar)
— new K on the metallurgy of SC in particular Silicon (Si) and
Germanium (Ge)
— ldentification of « p-n junction » in Si.

» W. Shockley (at Bell Labs since1936) experiments on a semiconductor
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The organization

* June 1945 : creation of the Solid States Physics Department at
Murray Hill led by W. Shockley & S. Morgan

* An original research strategy

— A multidisciplinary approach directly inherited from
WWII Rad Lab project

— A case of wse-inspired basic research(Stokes, 1997)

— A very careful design of the physical environment to
enhance communication between the actors involved

e Octobre 1945 : J. Bardeen’s arrival at Bell Labs
=> 1st breakthrough in K

e June 1945 : ¢y )
Murray Hill led

* An original research strategy

— A multidisciplinary approach dire
WWII Rad Lab project =

— A case of wse-inspired basic red e st mains e e

enl goal in mind will degrade the quality of research. | do not belie
that this is necessarily the case and to make my point in this le
| have chosen my examples of the new physics of semicondu
from research projects which were very definitely motivated by

— A\ «ltis frequently said that having a more-or-less specific practig

« QOctol practical considerations. » (W. Shockley Nobel Lecture, 1956).

=| => «Respect for scientific aspects of practical probleni&9y4)
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Bardeen’ssurface state hypothesis

Replace vacuum tubes by
solid-state components

Uses / ATT
System /
Drawbacks of
vT

Doesn’t work =>
Bardeen’s
surface state hyp.
(march 1946)

Bardeen’ssurface state hypothesis

Replace vacuum tubes b
solid-state components

Photovoltaic
effect

Electrolytes

Magnetic
effect

I_Systematic exploration of EIectroI)EI's

Uses / ATT
System /
Drawbacks of
vT
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The magic month (17 nov. - 16 dec. 1947)

Replace vacuum tubes by
solid-state components |~ ~ T T T T = === _——

Uses / ATT
System /
Drawbacks of
vT

Bardeen’s
surface state hyp.

Photovoltaic Electrolytes Magnetic | 1
effect effect

Nov 17th, 1947
overcome the
Surface state.

Inversion layer.

| Systematic exploration of Electrc!ﬂ_-lL

The magic month (17 nov. - 16 dec. 1947)

Replace vacuum tubes b
solid-state components
]

Uses / ATT
System /
Drawbacks of
vT

2
i i +
_ g& Field effect Tr Point contact
electrolyte
PRp— N

Silicon

re ]
ermanium
[

Bardeen’s
surface state hyp.

. - = |
Photovoltaic Electrolytes Magnetic | |
effect effect

Nov 17th, 1947
overcome the
Surface state.

Inversion layer.




The magic month (17 nov.

Replace vacuum tubes by
solid-state components
]

nEml

L v ¥
IMI Point contact + Y i
electrolytes (Nov 21th)| L © %, 1

- 16 dec. 1947)

Uses / ATT
System /
Drawbacks of
vT

Amplification
exist but weak

Dec 8th,1947 — discussion Shockley /

[
| .
I
| -
L

\

Bardeen / Brattain: |
Shockley propose p-n junction in |
electrolyte => new C —not followed |
Bardeen proposes to use kigh back
voltage germanium » from Purdue |
University. ,

The magic month (17 nowv.

Replace vacuum tubes by
solid-state components
]

2

Point contact +
electrolyte (21/11)

Silicium

I S2S I I Field effect Tr I

Systematic exploration of Point contact + Ge

_____ —

- 16 dec. 1947)

Uses / ATT
System /
Drawbacks of
vT

Amplification
exist but weak

Dec 8th 1947
Bardeen’s suggestion of
high back voltage Ge

|

=> Layer of oxyde
instead of electrolyte !
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The magic month (17 nov. - 16 dec. 1947)

Replace vacuum tubes b

solid-state components |~ ~ T T T T T == ==~
]
v 2 [z
| s2s | | Fedetectr | Point contact + | Point contact
electrolyte (21/11)| + oxyde

e e O P e

I Systematic exploration of Point contact + Ge

—_—— e —— _—— — — ]

Uses / ATT
System /
Drawbacks of
vT

Amplification
exist but weak

Dec 8th 1947
Bardeen’s suggestion of
high back voltage Ge

Accidentally

=>Layer of oxyde
instead of electrolyte !

The magic month (17 nov. - 16 dec. 1947)

Replace vacuum tubes b
solid-state components |~ T T T T T == ==~
]

2 v

v
| s2s ||

Field effect Tr | Point contact + Point contact +

NOTE THAT
BELL LABS

VERY FAST
\_ ITERATIONS

ALLOWS VERY

electrolyte (21/11) | " oxyde

Silicon

| Systematic exploration of PE

Gold + 1 Point-contact

Gold + 2 Point-contamfﬁ

/

Point-contact « transistor »
16 dec. 1947

Uses / ATT
System /
Drawbacks of
vT

Amplification BUT in
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spring to press down A
% The « point-contact
transistor »

L
— (dec. 16, 1947)
gold p(:ly;tynlzne
riangle . .
Named « transistor » in may 1948

+

Sl [o-iype mversion loyer _
n-type germonium
EE— base

BALLOT

Designate by the rumbers 1, 2 and 3, the order of The « pOInt_ContaCt

your preference for the nanes listed below:

Seniccnductor Triode i

1 — Surface States Tricde tranSIStor »

1 —— Crystal Tricde (deC. 16, 1947)
—__ Solid Tricde
. Iotatron . .
—_ Transtetar hmed « transistor » in may 1948

N S (Other suggestion)
ol
oD e

Signed
Please return this ballct to kiss G. R. Callender
in 1A-32) at Murray KEill,

Fig. 8 The first transisi

W “‘:

« Frankly Bardeens and Brattain’s point-
contact transistor provoked conflicting
emotions in me. My elation with the
group’s success was balanced by not beifng
one of the inventors.

W. Shockley, 1974, p. 5




Enter Shockley : the 29 magic month
(31 dec. 47 — 23 jan. 1948)

Replace vacuum tubes b
solid-state components

72 v v 2
s2s | Field effect T'l Point contact + Point contact n-p-n junction
electrolyte (21/11) + oxyde amplifier

Gold +1
contact

/

Gold +2
contact

!

Point-contact transistor,
16 dec. 1947

Uses / ATT
System /
Drawbacks of
vT

Enter Shockley : the 29 magic month
(31 dec. 47 — 23 jan. 1948)

Replace vacuum tubes by
solid-state components

v v v 2
S2s | Field effect T'l Point contact + Point contact n-p-n junction
electrolyte (21/11) + oxyde amplifier

Gold +1
contact

\

Gold +2
contact

¢

v

[Theory of the]
Junction transistor
with thin p-layer &

minority carrier

injection

Point-contact transistor,
16 dec. 1947

I Systematic exploration of Pc

Uses / ATT
System /
Drawbacks of
vT

23/01/1948 : Shockley’s
hypothesis on the role of
« minority carrier » in
the PcTr.

| BREAKTHROUGH IN K |
| => K-REORDERING ]

+09/05/2019



Enter Shockley : the 29 magic month
(31 dec. 47 — 23 jan. 1948)

Replace vacuum tubes b
solid-state components
]

Uses / ATT
System /
Drawbacks of
vT

72 v v 2
s2s | Field effect T'l Point contact + Point contact n-p-n junction
electrolyte (21/11) + oxyde amplifier

[Theory of the]

Junction transistor
with thin p-layer &
minority carrier

injection

Gold + 1 | | ™" systematc exploration of Pc |
contact | l—m"— — — — —

Gold +2 3

tact
°°1' = WS unveiled his theory
- - to the SC group
Point-contact transistor,
16 dec. 1947

i BELL LABORATORIES SERIES

Designing the transistors ELECTRONS

AND HOLES IN
1 ———

» Point contact transistor :

A breakthrough without a theoretical understanding
Far from « structure to structure » replacement of V
Creation of an exploratory development group

An industrial nightmare !!!

SEMICONDUCTORS

WITH APPLICATIONS TO
TRANSISTOR ELECTRONICS

WILLIAM SHOCKLEY, Ph. D.

 Junction transistor
— Start as a purely theoretical device
— 2 years of R&D : working April, 12, 1950 / Announcedmmer, 1951.

¢ In particular on the metallurgy of germaniumgeod p-n junction prepared by sparks &
teal by changing the doping of the melt in germaniuystal grower by « pill dropping »
and subsequent double doping to make n-p-n structu(esShockley, 1976)
— Publication of Shockley’s classilectron and holes in semiconductors with
application to transistor electronigaov. 1950) => Complete re-ordering of
the K-base ~ bible of the Silicon Valley
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Epilogue (1)

» Shockley leaves Bell Labs in 1955 to cre8teockley Semiconductor
Laboratory => roots of theSilicon Valley

* The Junction Transistor will not « replace » vacuum tubes before vy
— Istimportant application = Minuteman ICBM
— Portable radios / hearing aids...
— and, in the late 1950s : computers
=> Essentially : miniature device + new uses !!
=> Neither « structure to structure » nor « function to function

* Nobel Prize in physics for SBB in 1956.

ears.

Nobel celebration at Shockley Lab, 1956

*
]
Robert Noyce ’

L

; = 4 4| William shockley
» - | 74

Y
&
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Epilogue (2)

» Themagic months only the tip of the iceberg

* Unveiled the creation process of a new K-base and the ensuing
massive K-reorderinHatchuel & al., 2015; Le Masson & al., 2017)
— New theoretical basis : quantum physics

A ten years long process (including WWII)

Supported by M. Kelly’s initial vision...

... and Bell Labs multi-disciplinary approach to research.

A complex process interlacing theoretical hypothesis, experimentatig
working-but-why devices, calculations, insights and creative discussi
between high-level scientists.

* New K-base proved to be extremely generative : incredible

DNS

expansion in C and birth of the information age / Silicon V

Epilogue (2)
|
e Themagic months

1 ol e Loul . 1

CREATIVE PRINCIPLE: RESPECT FOR
SCIENTIFIC ASPECTS OF PRACTICAL PROBLEMS

* Unveiled the creat| areroacx Sy
massive K-reorder {
I

0

PRACTICAL
PROBLEM PRACTICAL

RESULT
NO FI
{ eorrécht: (TRANSISTOR)

New theoretical b] =——> =23
A ten years long |
Supported by M. P (f
... and Bell Labs -

b v NEW EXPERIM-] /'

q | ===~ ENTAL CONDI- |/ -~ NEW
A complex proces (OCENCE P2 Sions hew. [ BASIC 0

between high-levq
FIGURE 6. Respect for the scientific aspects of practical prob-
« New K-base prove lems—a feature of the creative failure methodology which led

to the invention of the transistor.

eXDanSion in C a.n PO OT TIC ITITOUTITICTOTT OO C 7 JIMMCOUTT vV

working-but-why ¢ STATES) FACTS SCIENCE ipns
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Shockley Lab
and the growth of the Silicon Valley

POOO 5099090959959 009000090090009 S

Shockley Lab.
(1955-56)

| Fairchild
Semiconductor
(1957) =

sylvain.lenfle@lecnam.net

loic.petitgirard@lecnam.net
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