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

By W. SHOCKLEY

L v single crvatal of semiconduclor the Impurily concentration muey vary
[roim F-‘Hm Lo sty pe producing . mechanically continuoud rectifying junetion,
T'hoe theory of polenting distribution and rectifeation foc fe junctions is developed
with emphasis on germanium, The currents across e junction are cormed by
(e olitfusion of holes inop-type maderial anl electeons in petvpe meaterial, re-
sulting in an admittance for a simple case varving as (1 -+ e 11 where 7 is the
IiBeetimee of o hobe in Che weregion, Contuel polenfinds aeross pen jone(ions, curey
ing no current, may develop when hole or electron injection nocurs, The prineiples
anel theory of n feor-p tennsigtor are deseribel,
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1, TRTRODUCTION

AH 15 well koown, silicon and germaniom may be either stype or
petype semiconductors, depending on which of the concentrations
Ny of donors or N, of acceptors, is the larger. If, in a single sample, there
is o transition from one Lype 1o the other, o rectilving pholosensitive p-n
junction is formed! The theory of such junctions is in contrast to those

! Far a review of work on silicon and germaniom during the war see H. O Torrey and
oA, Whitmer, Crysfal Beefifers, MeGraw-ITill Book Company, Tone, New YVork (19438),

Pon junctions were investigated hefore the war al Bell Telephone Lubhoratories by B 5.
Ohl: Work on pon junctions in germanium has heen publishes] by the group at Puedue
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of ordinary rectifying junctions because, on bath sides of the junclion,
hath electron flow and hole flow muost be considersd, Tn fact, o major
portian of the hele current may persist into the s-tyvpe region and vice-
versa. In later sections we show how this feature has o number of inter-
esting consecuences, which we shall describe briefly in this intraduction,

A p-n junction may act as.an emitler in the transistor sense, since it can
inject hole current into w-lype material, The a-c, impedance of 4 pes junc-
tion may exhibit o frequency dependence characlerized Dy this difusion
of holes and of electrons. For high [requencies the admittance varies ap-
proximately as e and has comparable real and imaginarey: parts, When
i pere junetion makes contact to a piece of w-lype material containing a high
concentration of injected holes, it acts like o semipermeable membrane and
lends to come to a potential which corresponds Lo the hole concentration,

Although some results can be derived which are vahid for all p-i junciions,
the diversity of possible situations is so great and the solution of the equa-
tions so invelved that it is necessary Lo fllustrate them by usiog a number
of special coses as examples, In genernl we shall consider cases in which the
semiconductor may be classified into three parts, as shown in Fig. 1. The
meaning of the transition reglon will become clearer in lnter sections; in
general it extends far enough to either side of the point at which ¥y — &, = 0
so that the value of | Ny — N, | at ils boundaries is nol much smaller than
i Lhe low resistunce parts of the specimen. As siated above, appreciable
hiole currents may flow inta the s-region bevand the transition region, For
this reason, the rectification process is noel restricted Lo the transition region
wlone, We shall use the word fanetion 1o include sll the material near the
transilion region in which signifcant contributions 1o the rectilicaiion
process ocear, IL has been found that various techniques may be employed
to make nonrectifying metallic contaets to the geemanium; when this is
properly done, the resistinee measured between the medal ferminals noo
suitably proportioned specimen is due almest cntirely o the rectifying
Junction up to current densitics of 107" amp/em®,

tlirected by K. Lark-Horovite: 5, Henzer, Phys, e 72, 1207 (194705 L Becker aind
IL Y. Fan, Plys. Ren, 73, 1631 (19400 and TL. ¥, Fan, .f’-'.".v Rew, T5. 1631 (1949). Similar
Juenerfons vecur in lewl H.'l]“]ltl., necoreing 1o . Sesinowakl, J Stnrkiewicz aml (), r'\llll.|H|.II'|
Natre 130, 818 (19470, L, Soanowski Plevs. Ree. 72, 640 {19047, and L. Sosnowski, B,
W Snele wml ], St II|I.|LI.H:I ¢, Nadieee 160, 470 Q973 The theery described Tere hus been
fiscussed in conpection with pl'-ulm.lccm-: efiecia in p-p pnetions by .5 Goucher,
Meeting of 1he Amerdenn Thysical Society, Clevelund, Muorch 10120 19049 ol by W,
Shocklbey, G L. Pearson and Kl Sparks. .|’.l'r1.kc Ren, T, THO (10340, [vrl a generitl review
ol or n-h:rhwlv in frowned m-tyvoe silienn see G, Lo Pearann and J. Bavdoen, P, fee 75,
Bos (1940, and ], ML Sead, T CL Thewerer aml B, E, Schumacher, 2 af Sletals, H’H
FE3 (1940 aned W, Gl Phanmoand [, I1 Seall, JL of AWetels, 185, 380 (10995, The atter
twn pagiers wlao dlizeonss photo-veliale harders, The most recent wnd thorough theory for
frecuency elfects in metal semiconductor rectifiers 15 given clsewhere in this issue (.
Hurdeen, Bell Sy, Tech, A, July 19049},

fen SONCTIONS AN SEMCONUTCTORS LET

Fven for distributions of impurities as simple as those shown in paret (1)
there are two distinctly dilferent Lypes of behavior of the electrostatic po-
tential in the transition region, each of which may be either rectifying or
nonrectifying, The requirement that the junction be rectiflying can Le stated
in terms of the current distribution, certain cazes of which are shown in {c},
The total current, from left to right, is [, the hole and electron currents being
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Fig. 1—The junrlmn.
() Selematie view of specimen, showing non-rectifying end contaces wnd eonvention
for polarities of current wnd ‘.-U]l:l"b
rL] Diistritation of donors anid necepilora
() Three pessible cureent distribngtions,

foand £, with § = T, 4+ Fe.o Well away from the junction in the g-~type
material, substantially all of the eurrent s carried Ly holes and f, = [;
stmilacly, deep in the s-type material £, = £ and 7, = (h Tn general inoa
nonrectifying junction, the hole current does not penetrate the p-lype mi-
terial appreciably whereas in the rectifying junction it does. Under some
conditions the major flow across the junction will consist of holes; such
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cases are advantageous as emitters in transistor applications using u-type
material for the bese

Where the hole current fows in relatively low resistunce w=lype material,
it iz governed by the diffusion equation and the concentration falls off as
exp(—a/ L) where £, is the diffusion length:

L='Dr,.

Here f¥ is the diffusion constant for holes and «, their mean lifetime, The
lifetime may be controlled cither by surface recombination® or volume re-
combination. Surface recombination is impoctant i the specimen has a
narrow  cross-section,

Under a-c, conditions, the diffusion currenl aceiiices a renclive component
carresponding to a capacity, In addition, a capacitative current is required
to produce the changing potentinl distribution in the transition region
itself,

In the following sections we shall consider the behavior of the junction
oy tically, treating Orat the potentisd distribution in the Lransition region
and the charges required change the voltage across it ina pseade-equilibrium
case, We shall then consider d-c. rectification and a-c, admittance,
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