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Frank Jewett believed that the best
science and technology result from
bringing together and nurturing the
best minds. He worked diligently to
acquire an extraordinary collection of
scientists and then provided them with
the support to create the breakthroughs
that defined the industry.
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Growth of Germanium Single Crystals
Containing p-n Junctions
G, K. Tear, M. Srapks, amm E. Bupmnor

Bell Triephoms Labgererorier, Murray Hill, New Jerary
December 21, 1950

THE growth in the number of ideas of possible conduction
mechanisms of practical value that might be realized in ger-
manium heas emphasized the importance of developing specific
methods of producing germaniom single coystals in which the
relewant properties of the material are controlled. Germaniam
single crystals of a wariety of shapes, sizes, and electrical properties
have been produced by means of a pulling technique distinguished
from that of Czochralski and others in improvements necessary to
produce controlled semiconducting properties! Solidifying gec-
mmanium is very sensitive to a wvaricty of covironmental factors
such as ph_-.-sir:—al slcakn {w}dl:h gi\'e rlge to I‘.'l.'l.nni.ng}, thermal
treatment, and minute impurities. Pulling the permaniom single
crystal progressively from the melt at such a rate as to have the
interface between the solid and Hguid substantially at the lguid
surface is wery well suited to this material, since it avoids the
constraints inherent in solidifying the expanding germaniom
within inflexible walls and provides an approximately planar
thermal gradient in the neighborhood of the interface, thereboyr
minimizing thermally indaced strains. Single crystal rods showing
a high degree af crystalline perfection, as long as 8 inches, and as
great as 1} inches In diameter ave been grown. Messurerments
in these Laboratories have shown the bulk lifetimes of injected
carriers in some of thedse materials to be greater than GO0 psec.

Ome type of such “long lifetime™ crystals that is of special
interest, which has been produced by the above means, is a single
erysatal in which the magnitude and type of conduactivity in the
direction of crystal growth is contrelled by addition of a sig-
nificant impurity such as gallium (acceptor) or antimmony (donor)
to the melt from which the crystal is being grown., Thus, p-n
junctions have been formed in germanium single crystals which
are exceplional in their agreement with theory? and in their elec-
trical properties as discussed in an accompanying letter.®

We wizh e acknowledge ocur indebiedness to many of owur
associates at Bell Tcleph Laba rics for assistance and
advice and ﬁ]:cciz.'ll}r La I B. Lll.ihe. who collaborated in the
initial single-crystal program.

LETTERS TO

1, K, Teal and B- Little, Phys. Rev, T8, Er!-il' {I'?Kl!l
&, Sbod.lz 'y Eu't:m Tech, J. 2& 435 (1%
¥ Geoucher, Ih parks. Teal. and Ehor_'l:l.er. "Phys. Rev. BI. asT

[(1951).

Theory and Experiment for a Germanium
P—n Junction
F. & GDL‘H:I'IEI G, L. Pramsosx. M., Srarxs,
K. Tmaz, axno W. Ssocxoey
Held T-l'\]r_p\.lh:r Taborafivrdes, Murray FHeld, WNew Terdey
Diecember 21, 1050

ECTIFYIMNG g—mn junctions in germanium have been pro-
duced in which the approach to the idealized conditions is
s cloae that most of the expected thesretical features can be
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The conductance of the junction at low voltages, ef /8T, is due
to hobe low in the m-region in parallel with electron flow in the
g-region. It can be calculated in terms of the intrinsic conduactivity
oq taken az 00165 obm™t cm™!, the conductivities of the twao
regimu T and [ the lifeddimes of i.'njEl:t:rJ -ﬂ.rn'ers Ta E'r_|r hnlm
and =, for electrons, and the diffusion constants D, and D, and
their ratio b= .D‘_n.l'D,._ The lilefimes wers mepzured b}-' s-:a.n:n_;ing
with a slit of light of wavelength 185 microns, which penetrated
deeply into the specimen. The abnormal carriers so produced
should diffuse® a distance = to the junction with decay lactors of
expl —x/ L}, where L= {D+)} is the diffusion length, a prediction
which is in agresment with Fig. 2. Except for the decay due to
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Introduction reproduced with permission from the Bell System Technical Journal
Vol 28 No. 3 (July 1949)
Copyright 1949 by American Telephone and Telegraph Company

The Theory of p-n Junctions in Semiconductors and p-»
Junction Transistors

By W. SHOCKLEY

In w single crystal of semiconductor the impurity concentration may vary
rom p-type to w-type producing a mechanically continuous rectifying junction,
T'he theory of potentinl distribution and rectification for p-n junctions is develaped
with emphasis on germanium, The currents across the junction are carried by
the diffusion of holes in pa-type material amd electrons in p-tvpe material, re-
sulting in an admittance jor a simple case varving as (1 -+ Zwr, )" where v, is the
ifetime of a hole in the peregion, Contact potentinds across po junclions, carry
ing no current, may develop when hole or electron injection occurs. The principles
aned theory of n poa-p teansistor are deseribed,

TapLe oF CONTENTS

1. Introduction

2. Potential Distribution and Capacity of Transition Region
2.1 Introduction and  Dehnitions

2.2 Potential Distribution in the Transition Region

2.3 The Transition-Region Crpueity

2.4 The Abrupt Transition

3. General Conclusions Concerning the Junclion Characteristic W ShOC/(/E'J/, "The theory Ofp_

4, Treatment of Particular Models

12 Soturion for ole Fiow Tato the #-Region n junctions in semiconductors
Toal At and p-n junction transistors, "
Admittance Due to Hole Flow in a Retarding Field

4.
1.3
s
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SEMICONDUCTOR THEORY OF THE BLOCKING LAYER

In the year 1929, the author suggested a blocking layer theory,! in which the unipolar
conductivity of cuprous oxide rectifiers was ascribed to changes in the density of conduction electrons in
a region adjacent to the metal-semiconductor interface. This theory has meanwhile been expanded under
the following basic assumptions:

1. At the interface between metal and semiconductor, there exists a thermally determined interfacial
density of free electrons in ‘‘excess’’ (today: ‘‘n-type’’) semiconductors, and of deficit electrons
(today: “‘holes’’) in deficit semiconductors, (today: ‘‘p-type’’) which for sufficiently small fields
and impurity concentrations is independent of the impurity-determined carrier density in the
interior of the semiconductor, as well as independent of the current flowing through it. The metal
semiconductor work-function, determining this density at the interface is positive for both
electrons and holes and sufficiently large, so that the interfacial density is generally less than the
density in the bulk of semiconductors determined by impurities (today: ‘‘extrinsic
semiconductors’’).2

2. The transition from the interfacial density to the bulk density occurs in a zone, whose width is
determined by the equilibrium of drift currents and diffusion currents as well as by the space
charge density, which is dependent on the local electron density. Thus barrier resistances
proportional to field arise whenever mobile charge carriers (electrons in excess semiconductors,
deficit electrons in deficit semiconductors) are driven from the metal into the semiconductor by an
applied field. The direction of the flow is that of the pertinent conducting particles from the
semiconductor into the metal;? the depleted boundary zone is flooded with conducting particles,
the blocking resistance disappears.

3. For larger voltages in the blocking polarity, the interfacial density is increased over its thermal
value by the strong fields appearing at the metal boundary (field emission; also for deficit
electrons!), so that the blocking resistance is again reduced. If in this manner the interfacial
density surpasses the bulk density, the rectification direction is reversed (as observed in many
detectors).

The application of this theory leads to quantitative conclusions which seem to be in full
accordance with observations of junction rectifiers as well as point-contact detectors (and the ‘‘rectifiers
with an artificial blocking layer’’). Good surface-contact rectification can thus be expected only where
there is a thin barrier layer, deviating chemically from the semiconductor bulk, with a particularly high
specific intrinsic resistance at the ‘‘active’’ metal electrode of the semiconductor, since for
homogeneously composed junction rectifiers the bulk resistance of the total device would greatly exceed
the resistance of the interfacial layer, which is restricted to 1075 to 10~® cm. Point-contact rectification,
on the other hand, can occur in all semiconductors having not excessively large volume density of
impurities, since here, due to the diverging spreading of the current, only equivalent layer thicknesses of
the bulk resistance occur, which correspond to the contact radius of the tip and thus to the mentioned
intrinsic dimensions of the interfacial zone.

A detailed publication is planned in Z. Physik.
Berlin-Siemensstadt, Central Department of the Siemens and Halske AG.,

17 December 1938 W. Schottky

1 Physik. Z. (*'Physihalische Zeibchuift’*) 30, 839 (1929), in particular the penultimate paragraph.

2 Note added in proof. Important information about the dependence of the metal-to-semiconductor electron work function on the
electrode metal can be found in an article by R. Hilsch and R. W. Pohl which has been published in Z. Physik 111, 399 (1938).
The parallels drawn there between the non-stationary but quasineutral movements of color center clouds and the stationary and
space-charge dependent processes in the electronic blocking layers seem somewhat less close than these authors assume.

3 See also the discussion remark of the author in Z. Techn. Physik 16, 520 (1935); the rule formulated there has since been many
times reconfirmed.
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NOTE ON THE CONTACT BETWEEN A METAL AND
AN INSULATOR OR SEMI-CONDUCTOR

By Mr N. F, MOTT, Gonville and Caiva College
[feceived 1 JFune, read 17 October 1938]

According to quantum mechanica there exists in any non-metallio eryatal & band
of allowed alectronie energy levels which are unocoupied when the crystal s in
its state of loweat energy. We call this band the conduetion bend; the crystal can
oonduct electricity if electrons are raised into the conduction level from lower
lewals. Actording to the theory of semi-condustors given by Wilson, there exist
in thess subatances lattice imperfections at which an eleotron can exist in a bound
atationary state below the conduetion band, electrons being raisad feom thess
levels into the conduction band hy the thermal apitation of the surrounding atoms.

We denote by y the work necessary to remove an electron from the lowest
level of the conduction band to a point owtside the cryatal. ¥ is defined for a
crystal with clean surfaces and no electrical double layer at the surface,

Suppose now that we place & metal surface near to or in contact with an
insulator or semi-eonductor. If the two do not influence each other in any way,
the work neceasary to take an electron from the metal into the conduction band
of the insulator is $—x

where & is the work function of the metal. When, however, a semi-conductor ia
placed in contact with a metal, an electrical double layer is set up, either between
the metal and the semi-condustor, or in the semi-conductor itaelf. As a resalt, the
energy of the conduction level is displaced®, in such a way that the work necessicy
to tranefer an electron from the metal to the conduction band is about §E, where
E iz the energy difference between the energy levels on the imperfections in the
gerni-conductor and the conduction band. Tt is the frst purpose of this note to
inveatigate the width of this double leyer,

For & first treatment we make the three following assumptions: (a) that the
metal and semi-conductor are not sctually in contact, so that the surface atoms
of the matal ars not distorted in any way; (&) that, before the double layer is set
up, the filled levels of the insulator or semi-conductor are below the surface of
the Fermi distribution of the metal (Ig. 1); and, (c) that there do not exist on
the surface of the semi-conduetor any Tamm#t levels where an electron can be
bound below the lewel of the conduction band.

* Cf. B H. Fowler, Statistical mezhanica, 2nd ed. (Cambridge, 1936), § 11-82.
% Tuoun, Zeit. f. Physik, 76 (1932, 849,
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THE MANIPULATION OF NEUTRAL PARTICLES

Naobel Lecture, December 8, 1997
by

STEVEN CHU

Stanford University, Departments of Physics and Applied Physics, Stanford,
CA 943054060, USA

| i

I joined Bell Laboratories in the fall of 1978 after working with Eugene
ﬂ;‘rﬁfﬁﬂg";“;"ﬂ Commins as a graduate student and post-doc at Berkeley on a parity non-con-
chose to presenta ] geryation experiment in atomic physics.! Bell Labs was a researcher’s para-

path of research.

1 joined Bell Lat  dise. Qur management supplied us with funding, shielded us from bureauc-
Commins as a gradi

servation experime [dCY, and urgEd us o do t-hE besl SCIENCE Pﬂsﬂihlf. The E'I'EII].PEEI. labs and

f;;; o wgeans  Office cubicles forced us to rub shoulders with each other. Animated discus-

office cubicles for  gjyns frequently interrupted seminars and casual conversations in the cafete-
sions frequently int
ria would sometime 13 would sometimes mark the hl:-gmnmg uf a new collaboration.

In my first years a
i ow L] T u - a1 =
x-ray microscopy and worked on an cxpenmem mvesugaurlg energy transfer

in ruby with Hyatt Gibbs and Sam McCall as a means of studying Anderson
Localization.® * This work led us to consider the possibility of Mott or

Anderson transitions in other exciton systems such as GaP:N with picosecond - Steve N c h u
laser techniques.* During this work, I accidentally discovered that picosecond
pulses propagate with the group velocity, even when the velocity exceeds the (**QX)

speed of light or becomes negative.?

While I was learning about excitons and how to build picosecond lasers, 1
began to work with Allan Mills, the world’s expert on positrons and positro-
nium. We began to discuss the possibility of working together while I was still
at Berkeley, but did not actually begin the experiment until 1979. After three
long and sometimes frustrating years, a long time by Bell Labs standards, we
finally succeeded in exciting and measuring the 15-25 energy interval in po-

sitronium.®



