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begermanim Wack it s emiter, —

T has bsn pintd ourby . Barden n Py Rev, . 71, page 717 (1947, that she same s of e lyer st w.o..L, found
of:

or y exist beneath Fthe lanced by a

“The principal object o the invention is o amplify or otherwis d
rugged apparatus of novel type.

Another abject s o provide  circuit element for use 2s an amplifer o the like which does not require a heated thermionic cathode.
for is operation, and which therefore
which requires no evacuated or gas-illed envelope.

when turned on. A rel

Attempts have been made in the p copper sulfide, or other
inco amplies by th diecs capediens of embedding a grd ke elecrode in a dicectrc layer disposed betvieen the cathode and the
che cathode, to modifyits emission and so al-
possble to embed a grid in a lay

anode of the recifier

ter the cathode-anod Asa I marter it

from the other electrodes and yet o thin as to permit current to low between them. It has also been proposed to pass  current from

end to end of a strp of homogencous isotropic semiconductive material and, by the application of a strong transverse elctrostatic
Fih d

which is so thick as

FIG. I6

m

e pathsafthe currons,uher locrodeforms and s Fig 1310 16 the potesiad disriions i hesemcondscto

field which dsit,
other words the collector operates under conditions which are close to sauration, and the aliernating current impedance of the col-

the fraction of the by the collector. Tn
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1. A circuit clement which comprises a block of semiconductive material of which the body is of one conductivity type and a thin
surfce layer i of the opposic conductiviy ype, an emicerelectrode malking contact wich sid laye, a collector dectrode making

charge of opposit sign on the surfice atoms. It s possibe, for example, to have  thin layer of P-type conductivity at e e st o hown in Table L values from 10,000 t0 100,000 ohms. For maximum povier outpu, the
of a block which has a uniform concentration of donor impurities and which, thercfore, has N-type conductivityin the body of the th cxternlload impedance should be mtched tothe incrnal impedanceofthe coletor. On th oxher hand, varition of the voli- body of the block.
block p of a volt, s by asignal pplied o the i a i -
“To distinguish such 2 sivuation from the similar one which depends on the presence of significant chemical impurities of opposite s and s impresed onthseclcrode, o cxample, by vy of the ansomer 10, fcts g vaiaion i the micer crrnt a S .
ype n athin surficelaye,ch tems “physial”and “chemical” ar employed. Thus th tems “physical layer” and “physical barrer” fector
efer o the layer of o ceb the body of b Fig.1a,itis preferted that t Feach of the surface of Twherein the block s of Noty d
both of which resule of d ot as a resl of a variation in the nature o concentra- the cur- 5. Apparatus as defined in claim 1 wherein the block is of high back voltage germanium and to atleast a pare of one surfice of which

tion of significant impurities. The terms “chemical layer” and “chemical barrier” refer to the corresponding stuation which does de-
pend on a variation in significant impuritie.

Both physical layers and chemical layersar suitable for the invention.

Teis known how, by control of the distribution of impurites, o fibriate a block of siicon of which the main body is of one condc-
iviey type while a thin surface layer, separated from the main body by a high resstance barrir, i of the other type. In chis cae the
layer s believed to be chemical rather than physial. For methods of preparing such silicon, as wella for certain uses of the same, ef-
erence may be made to an application of . H. Scaff and H. C. Theuerer, filed December 24, 1947, Serial No. 793,744 and to United

Sofurasisk I of such human sill . y fcation. I 402,661 and 5. ObL Such o
y ppe y preferred, however, o describe the invention in connection with the material which was employed when the discovery on which the

Itis well known that in semiconductors there are two types of carriers of elctricity which difer in the signs of the effective mobile invention is based was ly 8 hich has boen so treated as h voltage n the re-

charges. simply verse direction when used as  point contact rectifir

clectrons. Th defect “elctrons,” theterm “holes” icon-

ductor s alled excess or defct, or N o P type, depending on whether the mobile charges normally present in exces i the materal

Whena h a semicond d 3 lied , the mag.

tude of the current which flows often depends on the sign 25 well s on the magnicude of the potential A junction of this sortis

aalled a recifying contact. If the de w0 an Netype
respect to the clctrode. With a P-

i that in which the
which the

the direction of

the direction of ca

“There are a number of methods by which the germanium and its surface may be prepared. One such method commences with the
R i 8 it 5 D € € B P 2 25 G
638,351, and which described in fers” by H. C. Torrey and C. A. W y Series No.
15, (McGraw-Hill 1948). Brifly, germanium dioxide is placed in a porcelain dish and reduced to germanium in a furnace in
mosphere of hydrogen. After a preliminary low heat, the temperatureis raised to 1,000° C. ac which the germanium i liquefied and
G e T i S S G e

the next sej duc-
helium and then slowly cooled from the bottom upwardly by raising d.: hunng coil at the rate of

i " the wo
types

This boundary may separate two semiconductor materials of i
body of semiconductor material which is chemically and stoichiomerrically uniform, which exhibit different conducdivicy
characteisics.

ferent constiutions, or it may separate zones or regions, within a

“The present invention in one form uilzes a block of semiconductor material on which three clectrodes e placed. One of these,
termed the collector, makes rectifir contact with the body of the block. The other, termed the emitter, preferably makes rectificr
i oy o i b 1 i s i v i O e Sl el i s
ally -
rent flow with respect to the body of the semiconductor block. The nature uf!he emitcer clectrode and of that portion of the semi-

sistance contact with the body of the bloc} s

conductor which i in the immediate neighborhood of the electrode contact i such that a substantial fraction of the current from
this electrode is carried by charges whose signs are opposite o the signs of the mobile charges normall in excess n the body of the

L ly solidified. I
about /ginch p l

“The ingot is next soaked at a low heat of about 500° C. for 24 hours in 2 neutral atmosphere, for example of helium aftr which it is
allowed to cool to room temperature.

In ones are of In Jar,ch 1

part of the ingot s of
Nype mareril cpable oFwifatneig a “back volage ™t he sene i whih thi e employed It el o o 100-200
s

“This maerial s next cut into blocks of suitable sze and shape for use in connection with the fnvention. A suitable shape i a disc
shaped block of about 1/, inch diameter, and !/, inch thickness. The block is then ground flat on both sides, first with 280 mesh
abrasive dust, for example, carborundum, and then with 600 mesh. It s then exched for one minute. The etching solution may con-

sistof 10¢. . of d10¢. c.of water,in which

par the layr thickness. Thi by
self . e the lyer.

‘When the collctor electrode s a single pointed wire or an evaporated metal spor, a fraction of the emitter current, afier spreading,

outlaterallyin pe layer 3, eventua he lower fice o the block, i

€. to the buse elctrode. This situation is depicted in Fig. 3 which is a plan view of the block showing curtent sream lines 13 diverg;

inginall

feld distorted as in Fig. 32 halfof

the emiteer. T} lins 1. the absence of the collector ficld. When the collcctor

the emiteer current can be collcted. I fic, th fraction of the emiteer current which reaches the collctor may in favorable cass be
as high as 90 per cent.

To inerease ths ratio, especialy in the case of units in which this ratio s less favorable, reqires a modified electrode arrangement.
Obviously,if the strong ficld 14 surrounding the collector 6 were to overlap or include the emitter 5. substantiall al of the emitter
current would be collcted. This, however, p Ga,asin Fig, 4, or
three 6, 63, Gb, s in Fig. 5, symmetriclly disposed about the emitter . Evidently with such an arrangement a considerably greater

loss of control. A solution

Fraction of Ineach of the collector
eral collectors may be connected together and as many may be employed as may scem desirable. Parsuing this solution still further
leads to the ring collector 6d of Fig. G in which case the ollector ield 14 bears the shape of a semitorus, Is race on the plane of the
block surface is shown by the broken lins 142, 14b. The pots ¢, 6, of Fig. 7 are the substantial quivalent of the

circleof Fig. 6.

lines 14, The sev-

Further increase may be made in the effective resistance of the barrer 4 and therefore in the internal rsistance of the emitter-base
elctrode circuit and of the ratio of the collector current to the emitter current by restricting the area of the barrier 4 itelf o 2 com-
paratively small region surrounding the emitter $ and the collector 6. This may be accomplished by resticting the area of the block 1
which s subjected o th anodic oxidtion testment or by macining the block afer testment. Inthe former s the st s &
bowlshaped P-ayer 3, bounded by 2 ! 1

p 11, and in the laer
ofa pyramid, with the barricr 4° dicatedin F

e s s e el e e R e e
employed. For . meal films asin Fig. 8, one 51
0 serve as emiteer and the urher 61 ascallcor. Ora cone- shapd e 17 mybe pad v i conis s and s vie ersd
through a central hole a in Fig. 9. The central wire 52 i preferably d G2ascol-
lector. The cone and the wedge serve to hold the interelectrode capacitis to a minimum while keeping the contacts close together
where they bear against the surface of the semiconductor.

Further understanding of the considerations which govern the thickness of the P-type surface ayer may be had from the following

semiconductor. The collector is biased in the reverse, o hig! In the ab-

sence of the emiteer,
lletor contact. The sign of the colletor bias potetial i s as ¢ attacethecaries o opposite sign which come from the eit-
ter. The collector i so disposed i relacion to the emitter thata |
depends i part on the geometrical disposition of the electrodes and in part on the bias potentials applied. As the emitter is biased in
the direction of asy flow, the emitter current s sensitve o small changes in potential between the emitcer and the body of the semi-

conductor, or between the emitter and the bas electrode. Application of a small voltage variation between the base clectrode and
emitter causes a relaively large change in the current entering the semiconductor from the emitter, and a correspondingly large
change in the current to the collector. One effect of the change in emitter current s to modify the total current flowing to the colec-
tor,s0 that the overall change in collector current
contain 2 load of high impedance matched to the internal impedance of the collecor, which, because of the high resistance rectifier
contact of the collecor, is high I, vols i lifcation, and power amplificaion of the input signal

may be greater than the change in the emitcer current, The collector circuit may

In ane form, the device utiizes a block of semiconductor material of which the main body i of one conductivity type while a very
thin surface layer or film is of opposice conduccivity ype. The surfac lyer is separated from the body by a igh resiscance recafying
barrier, The emitter and cllector electrodes make contact with this surfice layer suficiendly close together for mutual influence in
the manner desribd above. The bselectrode makes & low esstnce conact wit the body o the semiconductor When siable

© the emitter into the thin layer. Owing to the conductivity of
the layer and to the nacure of the barrer, tis current tends o flow lterally i the thin layer, rather than following the most direee

path This current the signs of the mobile
charges normally in excess in the body of In other words, when th hin layer of tpe
ly emitter clectrod into the block in the di rgely of carriers of

the mobile ch: excessin p of

creases the conductivity of the block. The bias volugc ot cll oo i st e 1 e e Ferme o g i

tance dirccion relatve to the block, produces a strong electrostati field in a region surrounding the collector so that the cureent

from the emitter which entersthisregion is drawn in to the collctor. Thus, the collector current, and hence the conductance of the

unit as  whole,are inereased. The size of the region in which this strong field exiss is comparatively insensitiv to variations in the

collector potential so that the impedance of the collctor circuit s high. On the other hand, the current from the emitter to the layer
N i i

of the semi.

F the invention that th
£ the dlectrodes.

wellas by choice

From the standpoint of it external behavior and s, the device ofthe invention resembles  vacuum tube triode; and while the clec-
trodes are designated emitter, collector and base clectrode, respectively, they may be externally interconnected in the various ways
which have become recognized as appropriate for triodes, such as the conventional, the “grounded grid,” the “grounded plate” or
cathode follower, and the like. Indeed, the discovery on which the invention is based was first made with circuit connections which
are extremely similar to the so-called “grounded grid” vacuum tube connections. Howerer, the analogies among the circuit i, of

course,no better than d cathod. llector and anode.
g back a portion of the outpr proper phase the device may be caused to oscillate ata fre-
d tess, power amplification was confirmed by a feedback connec-

tion which caused it to oscille.

may be subjected to 2 repetition of the ctching process.
“The block may now be given an anodic oxidation treatment, which may be carred out in the following way. The block is placed,
plated side down, on a metal bed-plae which i connected to the positve terminal of a source of voltage such as a battry, and that
part of the upper (unplated) surface which is to be treated is covered with polymerized glycol boriborate, or other preferably viscous
eectrolyte in which germanium dioxide is insoluble. An electrode of inert metal, such as slver, s dipped into the liquid without
05 S S 1 T o9 T e et 26 e s
liampere commences to flow for each square centimeter of block surface, flling to about 0.2 milliampere per cm.? in about 4 min.

pere per m., fa

e, TH tothe ~45 y a 7 ing o

0.2 milliampere per cm.? in about 6 minues. Tl connected to the — al. The inital current s
2 2

100 20 minutes.

“The battery is then disconnected, the block is removed and washed clean of the glycol borate with warm water, and dried with fine
paper tisue. Finish drying has been successfully carried out by placing the block in 2 vacuum chamber and applying radiant heat
Either the heat or the vacuum may be suffcient, but both together are known to be. If spor electrodes are required on the pper sur-
face s ater described, they may be evaporated on in the course of the finish drying process. The germanium block is now ready for

“The foregoing oxidation process, however, is not essential. Amplificaion has been obined with specimens to which no surface
h bel

Fig. 1 shows a block 1 of germanium which has been prepared in the foregoing manner, and Fig. 1a shows the central par of the
block 1 sccton and 0 an enlargedsale. Refering o Figs. 11 and 1 together,th lowe pat oftheblock 1, whse sufice i plated

05 cof 1 . .
(e papuy wmpe oo bcen disoled. Thisrching igh (e a ‘which apply sp achermicl laer. Fig, 131s: plot o theclctrostatic potential within the body of an N-type
by thehigh resisance ofthis ifier) back volcges, ace with a mecal the . 1 ofth ontains fsed or bound posiive
N oot the ok provided i — " charges. They ar belevd to be distibuted with fie uniformiy in depth o a cerain iscance,beyond which the material i et
SRR DRt b O TE E BT ally ncutrl, because the bound posiive charges ar blanced by cqual negiv (cectron) charges. In accordance with Poisson's
e e becolkczon e fraction contace. This may be done by evaporation or electroplating in accordance with koo techniques. Asa precaution against con- i la La  equal negive { ) chargs E
amination of the Fihe block which may in che course of the unplated side 1

where
Vis the potential
the metal

pis the charge density, and
i the dielectric constant of the material.

5 a5 function of depth. When plotted, it i a parab-
(e e e e T e L o e el

an anodic oxidation treatment has ben appl
6 spporting body, ath L t
and in elctrieal contact with said body and diffeing in conductivity type therefrom, an emitter lectrode making contact with said

Jayer, a collctor elctrode i contict with a different pare of the element fom the pare ontacted by sid emiter clectrode and dis-
posed

7.

with the layer chickness.

8. i point contac.

9
10. Apparatus as defined in claim 6 wherein the emitter lectrode and the collector electrode make rectifier contact with the body by
way of the semiconductor ayer

1 i 6
0 2mils

adistance of the order of 1

12. Apparatus as defined in claim 6 wherein the collector electrode is spaced from the emitter electrode by a distance which is small
compared witl areabut

13 defined in claim 6 wherein body is separated f
b d whercin
the surface bearing the semiconductive layer.

the surface layer by a high resis-
with said body over a wide area of a surface thercof which is opposice to

14 In combination with !

, means for biasing, with respect to said semiconductive

biasing the

layer in a sense to supply charges thereto of the sign for which the laer is cond: d
collct charges of the same sign.

15. In combination with apparatus as defined in claim 6, a work circuit interconnecting the collector electrode with the base elec
d

1 . d by Fone side and b hi
surfice layer,scparated from the main body of the block by a high resistance barricr, characterized by mobile charges of the same sign,
a base electrode in contact with said body, an emitter electrode i
clectrode and to ssid emitter clectrode to biassaid emitter clectrode in a sense to supply mobile charges of the same sign to said ayer,
a collector electrod d o said d coll
0 bias said collector in @ sense to establish an electric ficld across said layer becween said collector clectrode and fixed charges in the
body of sid block

ontact with ssid layer, a potential source connected to said base

with said layer, and 1 clectrode

17. A circuit clement which comprises 2 semiconductive body, a thin surface layer of semiconductive material separated from said
body by a high impedance conducting barrier, at least two electrodes, of which one s a sharp point of conductive materia,in close-
spaced cont d elctrod h said body:

18. A circuit dement which comprises  block of an with a parc of
thesurfce of the block,a plurliy of clectrodes making recifir contact with oher parts of the suficeof the block,conncerons in-
&

. to it intercept with the potential axis, represens the energy which 0 an clectron the
meal o dhe semiconductor. These matersar flly exlaned inehe leraure, for example in “Schorty's Theoriesof Dry Solid
”vol.

Recifiers,” by . Joffe, published in “Electrical

Similarly Fig. 14 shows the potential distribution, for pasiive holes, within a P-type semiconductor in contact with a metal.In this
case the height Ey, of the terminus of the curve from the Fermi level represents the energy which must be given to 2 posicive hole to.
cause it to leave the metal and enter the semiconductor;

Fig. 15 is  composite diagram showing, in the upper curves, the electron encrgy and in the lower curves the hole energy, within a
semiconductor which comprises a thin layer of Prtype material separated from a body of Notype material by a barrer, The fxed
charges are negativ in the P-type material and posicive in the N-type, and for simplicity are assumed to be distributed uniformly in

with a metal lm 2 srving as the base elctrode, is known to be of Netype. The thin layer P
ductivityin which case a s well known, the boundary 4 scparaing this P-type layer from the N-type material of the main body of
he block behaves lke a high esistance rectifying barrer. A firs electrode 5, denoted the emter, makes contact with the upper fice
of the block . ¢, with the P-type layer 3, preferably somewhere near itscenter, or at least several point diameters removed from the
nearese edge. This contact is preferably of the rectifer ype with respect to the body of the block 1. Tt may comprise 2 bent wire of
springy materia, from 0.5 to 5 mils in diameter, preferably pointed at the contact and electrolytically or by inding Proceses for
forming the points on such wires are described in United States Patent 2,430,028 to W. G. Pfan fFand A. H. White. The
point of the wire is brought into contact with the upper surface 3 of the block with a force of 1 to 10 grams, whereupon a cold flow
of the metal of the poine takes place, causing it to conform to any minute irregulariies of the block surface. To this end the wire of
the point should be ductileas compared with the material of the block. Tungsten, copper and phosphor bronze are examples of suit-

able macerals.

A second elctrode 6, denoted the collector, makes contact with the upper fice 3 of the block very close to the emitcer 5. Best results
have been obrained when the separation, measured along the surface of the block, between the collector and the emitter, i from 10
10 mils. This lectrode 6 should make rectifie contact with the block and may be a pointed spring wire, formed and placed as above

=S+ ReD) (1)
L=I(V)+al.  (la)

where
I zemitter current

I =collector current

1.°(V,)=collector current with emitter disconnected

n equivalent resistance independent of bias

=a numeril fctor whichdepends onthe bisvlages

AV g kel

it open.

T D £ S AT S ol i TG AT RN B

vicinity of the emitter el an amount Rl
“The term Ryl

bias volrage on the emiter by

The invention will be fully apprehended from the following detailed description of one embodiment thercof, taken in connection
with the appended drawings, in which:

Fig.1 Fhe invention;

partly

Fig 1a Fapartof Fig. 1 ly enlargs

Fig. 2. the equivalent vacuum tube schematic circuit of Fig. 1;
Fig. 3isa plan view of the block of Fig. 1, showing the disposition of the electrodes;

Fig. 3ais ke Fig. 8 3

Figs. 4,5, 6and 7 show electrode dispositionsalternative o those of Fig, 1

Figs. 8 and 9 show electrode structures alternative to those of Fig. 15

5 i ST 7 TR e S ey S Tl T G ) i
the upper d
b ced (see Fig, Fig. 7). Euponmmo[m(hzspnznr i

of the block n the course of

luding said

19.4 block of Tow with a part of

the suruce ofth block,  plurality of lctrodes making rccfie contact wih other pars ofthesutfce of the block,connectons in-

luding s s named lctrode orapplyinga sma jas d connec-

L ion bias o another of said

20.A ablock low resistance contact with a part of
. a plurality contact with other pares ofth sufice ofthe block and spaced pare

bya is not greater than the block, said frst-named electrode for ap

Iy said rectifier

for applyinga | £

21.In combi o i , 2 sccond clectrod

block of
connected to said block, a circuit including a source of m\ug& i o comectes o sid sollcto clods o sl weond
electrode, said source being so poled as to draw reverse current from the block through said contact, and another electrode making

with respect to the emitter 5, and the upper curves ay, b, of cach group represent the conditions when  signal applied between the.
emitter and the control electrode further reduces the potential of the block. Evidently the alteration of the block potential with re

spect o the emitter operates
conductivity. Such an increase in conducivity with increase in the forward bias has been observed in connection with the potenial
probe measurements referred to aborv.

of the P-type layer and s

‘The rounded peak of the hole poential curve lies below the Fermi level. The greater the thickness of the P-type layer, the more the.
Eyand the greater the difficulty for holes to lesve
Eyyand the

greater the case with which holes mve from the metal of the emitter to the semiconductor and enter it. On the other hand, if the P-

terminus the Fermi leve, . c. the

the meal flaly Prtype layer, the

each zone. Integration of the charge densicy, ice, in accordance with Poisson’s equation gives the lowermost curves, , b of the two. 2 d hich said
CETERe b R T et St E S 2.4 in contact therewith, a high impedance output circuit includ-
type con- y he filed P ing two ofsad clectrodes and making a high by way of one of sid two clectrodes, and a
“The midd by, of each group rep when 3 sevall b lied to 1 luding one of the first o electrodes and the third clectrode and making a low-resistance forward-

y of the third of

2.4 block of o with a part of
the surfaceof the block, an emifte electrode and 2 ollector lctrode making ecefe contact it other pares ofche block, means
for biasing the emitter electrode for conducion in the forward direction, means for biasing the collector lectrode for conduction in

the reverse dircetion, connections for appying asignal beeen the low resisanceclcrodsandthe il o ttoduce 3

current of k »
the signs of in ‘materal under zthbnum conditions, connections
for withdrawing said charges from said block at high impedance by way of sad collector electrode, whereby the voltage across said
collctor. component lified version of the signal voltage, said charges acting, by reason of
their accumulation in the block in the vicnity of the collector elctrode, to modify the

way of said signs opposite to

ipedance of its contact to current flowing

oypelayeris o width of G fiom thelow resistance contace elecrode to the colector electrode, whereby the curent drawn from th callctor elecrode contains
the curve by of Fig. 15 ill be smal. In the vicinty of the collctor e, h hicks of "he Daype by shouldbe suficindy o of

small of th collctor s P y of and not by the

layer I, now, he collector i biased i the reverse dircction eltiv to the body, most of the drop from the high volage on the clc- 2 block of which the body s of whilea hin

P fer completion of junction or coneetion.
A third connection, termed the base electrode, is made, by soldering or otherwise, tthe metal ilm 2 which has been plated onto the
lower surface of the block 1
‘While the unit is now ready for use,its operation can generally be improved by an clctrical forming process, in which a potential in
excess of the peak back voltage is applid to cither one or both of the point electrodes 5, 6 i. ¢, between it and the base clectrode 2.
from injury by heavy ofaresistor i seris. The effct of this treatment i believed to i in
a concentrated application of electic field and heat to the materialin the immediate neighborhood of the point, and so in an im-
provement of the clectrical characteristicsof the contact.

Bias voltages are now applied to the electrodes, a small bias, usully postive, on the emitter of the order of a fraction of a vole and a
larger negative bias on the collector, usually i the range from =5 to 50 volts, measured, in each case, from the body of the block to

barcries7,

Aload of L0000 ¢ " p =

e e e S e N e e o e e e
Fig 10, orof t jateor cathode.fol-

lower, s n Fig. 11. In these figures the input signal s symbolically represented by a source 11 and the load by an output resistor Ry
Discovery of the amplifying properties of the device was made, however, with the grounded base circuit of Fig. 1, of which the vac-
wum tube counterpart is the so-called “grounded grid® connection of Fig. 2. (The principal distinguishing feacure of this circuit as
employed with a vacuum be triode i that the load through the source. Tl it of the present
invention, because the base electrode may draw substantial current.) The device as thus connected has given power gains of more
thana factor of 75. O

for the

' 2 3
Tnpuc Res (ohms) G0 sw 1w
Ourpur Res.(ohms) 3100 30t 30t
Topuc Volsge, A C R V.S 03 om0
Ourpur Voltage, A C R MS is 5 36
Voluags Gain @ 50 36

Powerin wats) L3010 L8107 115x107°

Fig. 10 shows
Power out (wates) 10 7510~ 425m10

Fig. 1 shows " < o ) 10051075107 125x10
Power Gain £ 2 3%

Fig 12 the d forself: il Topur Biss D C.(vol) S02 son o

Fig in contact with a metal; urpuc Bas . C. (volo) 0w w1

Fi Confirmation of the presence of power amplification has been obtained by feeding back a part of the output voltage to the input cir-

Fig. 15 s a diagram showing the electron potential distibution in the inerior of a thin P- type semiconductive ayer in contact on
one side with a metal and on the other side with a bodly of N-type semiconducting material, for lectrons i the conduction band.
(upper curves) and in the filled band (lower curves); and

d of the Feurve b of Fig. 15 as a funcrion of distance from the emitter

ig. 1
to the collector.

The materials with which the invention deal arc those semiconductors whose clectrical characteristis are largely dependent on the
7 i here used to denoe those

inclusion therein of very The expression “
1 such

disinguished from which have no app fect on th rstcs. The term “impurities” i intended to in-
clude intentionally added constiuents as wel as any which may be included in the basic materia as found in nature or as commer-
cially available. Germanium is such a material which, along with some represcnative impurites will furnish an ilusrative cxample
for explanation of the prescnt invention. Silicon is another such material. In the case of semiconduictors which are chemical com-
pounds such as cuprous axide (Cu;0) or silicon carbide (SIC), deviations from stoichiometric compositon may constitut signifi
P

Smallamoun,i. ¢, up to 0.1 per cent of impurites, generally o higher vlency than the basic semiconductor material, . g, phos-
phorusinslc y and arsenic 3

filled y band” Insuch

et e o A A o oty G S P
amounts of impuritie, generall of lower valency chan the basic materia, <. g, boron in silicon or aluminum in germanium, arc
termed “acceptor” impuritis because they contribute to the conductivity by “accepring” lectrons from the atoms of the basic mate:
vl n th fild band. Such an acceprance eaves  gap or “hle” in the filed band. By interchange ofthe borrowed dlecrons from
atom to atom, these posicive “holes” effectively d the 1

ity are sad to be of the P-type.

d s conductiv-

Under equilibrium conditions, the conductivity of an elccmc:\l]y neutral region or zone of such a semiconductor material i directly
related to the concentration of significant impurities. Donor impurites which have given up electrons to an unfilled band are posi:

tively charged, Inaregion of has the
concentration of condurion electrons i equal to the concentrtion of onized donors. Similarly, in a region of a semiconducror
oles s equal ly ions.

IFfor any reason there is adeparture from electrial neutrality in a region, giving a resultant space charge, the magnitude of the con-
ductiviy, and even the condiuctivit type may differfrom tha indicied by the significant impuritcs. It ws once thought hat the
high resistance barrer ayer in in

or in the nature of

cuit, as by way of the coupling between the windings of @ transformer 12, as in Fig. 12 whercupon sustained self-oscillation took
place

the No. 1 sample. g
8
&

 the power gain exceeds the voltage gain by a factor of

or 13, Inasmuch 2, in any amplifying device which gives both power gain and voltage gain, the current gain i the quotient of the
2 13

Without necesarly subscrbing to any particular thory, the following hypothesis i presented to account for the experimentaly de-
termined ficts, with ll of which it i consisent. It i belicved that the preparation of the semi-conductor materia and it surface
weaument resule in the formation of an oxide film, and, below i, of 4 layer or film 3 of Prtype conductivity on the surfice of the
block,separate from the main bods, which is of N-type, by & high reistnce barrer 4. The oside ilm s removed by washing, This P-
type layer s very thin, perhaps 10~ cm. in thickness, but the N-type body of the block provides all necessary support for it, and also.
provides a low impedance path to the bise clectrode 2. It presence is confirmed by the fact that, partculaly with festherweight
forces on the contact points 5, 6 and with small volages applicd to them, P-type recifiercharacterstics have sometimes becn ob-
ained. (Paype and Notype recifier charscteistics and their slgmﬁun:c and differences are discused in United States Pacene
2,402,839 t0 R_S. OhL) But when ’

0 10 grams or so pplied to
itis aised t0 1/, volt or so, the rectifier characterisic s observed u\ddcnlv 0 shift from P-type to Netype. Furthermore, potenial
probe measurements on the surface of the block, made with the collector disconnected, indicate that the major part of the emitter
current travel on or close to the surface of the block, mhmmuy lateraly in alldircctions away from the cmitter 5 befor crossing
the barrier 4. Th indicate atthe surface o the block, which by inference s of P-
oy In e the emenssopewith e ing pross, e I e e S

Its believed that the P-type layer on the germanium surfice of the preferred embodiment is not greatly altered when a contact is
made with a metal point. When a small positive bias is applied to the emitter, and a current flows, the carrers are largely those of the
surfuce layer, that i, holes rather than conduction cectrons. The potential probe measurements discussed above indicate that the

holes, and
hole current spreads out in all directions from ottt crossing the high resistance barrier 4. With the collector circuic

emitter point, increase with increasing forward current, This

open, y low (In the Netype body of the block, the cur-
form of a flow P of holes from the P-type layer) In the absence
6, this currenc ly It pach is indicated n Fi 1.
Now when the collector 6 contact d

Jied to i, o From =5 to =50 vl

the main body of the semiconductor. W. Schotcky, in Zeits. f. Phys. volume 113, page 367 (1939), has shown that th
ary. While the concntrtion of carers (ol chargs) i the bl s smal,the concntraon o foied mpriis (el
charges) may be the same as in the body of the semiconductor. The fixed charges in the barrier ayer act in concert with induced
charges of pposite sign on the meral elctrode to produce a potential drop b the body of

P-type layer the N-
o be of the order

type body material in the collector. Dayp

f 10 cam. in ehickness. Thus with 10 volts across a space of 10 cms.,the average nreng:l\ of dm mvd is of the order of 10° vols

percm, the collect 1a by the broken line

tor. T dissmall the equi-
librium concentration in the body of the semiconductor if the potential diffrs from chat in the body by more than a small fraction
ofa volt. The mathematical theory has been developed by W. Schortky and E. Spenke in Wiss. Veroff. Sicmens Werke, vo. 18, page.
225 (1939). These authors show that f the variation in lectrosatic potential with depth below the surface s suffciently large, the
<o fora depthand pe forlarg of
el ot 5 el o G G TF S SR el e ey et v e T
thus posible to fier contact a thin layer of type next to the metal electrods d by a high ress

tance barrier from the body of opposite conducivity type.

14, within which some of thefixed posicive charges are indicated by plus signs.
Itis in order that the material shall be able to support a lrge voltage drop across thi region that material of the so-called high back
voltage type i preferred

Now when the current of posicive holesasindicated by stream lines 15 comes within the influence of this field, the holes are attracted
0 the region of lowest potential, namely, to the point at which the collector elctrode 6 makes contact with the layer 3. There they
are picked up by the collctor 6 to appear s 2 current in an external load crcuit 8, 9 connected to the collector 6. With the large nega-
tive bias on the collctor 6, 2 variaion of several volts on the collector makes very it difference in the strength or the extent of the

United States Patent 2,524,035, John Bardeen and Walter H. Brattain, Three-Electrode Circuit Element Utilizing Semiconductive Materials:

three sheets of drawings, specification and certificate of correction, from the scan of the printed patent.

. it high.

T p
hen s hickncs 4 such hat he cerminus o the urve s fighcy blow the ounded puk Holes can enter the semiconductor
without great dificulty, and tend to collect in the region of greatest negative porential a5 a cloud of mobile posicive charges. They

suface oer s fthe opposicconduciviy yp,an eicter cectode making cotact with he s lyer a collecor eode

with the surface layer and disposed to col spreading from the emitter elctrode, a base electrode making

biained contact with the body of the block, an input luding 2 dto o the emitter electrode,
crvely, and I the collecor electrode, respectively

2 block of which the body s of pe while a thin

then diffuse away from the emitcer—laterally in Fig. 1, perpendicular to the paper i Fig. 15—some of them 140f

the collector 6.
Because the right-hand pare of the lower curve fall wel below the lefe-hand part, posciv holes can cross the barrer only with difi-
culty. Because the P-type layer is thin, the energy Eh, required to cause holes to enter the layer,is small. Therefore holes enter easily
‘under the influcnce of the positive bias on the emitter 3 and collectin the layer, like air bubbles as it were, at the top of a liquid in a
closed vessel. They may casily trave in the layer and paralll wich .

“The sense in which, and the reason why i of aregion of Nrtype conduc-
tiviey, despie the fact that the semiconductor materil isef may be chemically and soichiometrically uniform, may be explained as
follows:
From the elementary considerations,the conducivity isgiven by
C=mey +mepn (3)
where
e the lectron’s mobile iy and
2, €2, e arethe corresponding quantitiesfor posicve holes.

RN ——
n=Ae®  (da)

A ()

where V. is the height of the electron space

1 FFig. 15) abov the Fermi level, and Vi, the height
of the Fermi level above the hole space potential curve (b of Fig. 15) and Ay, Ay, K, and T are constants for a given temperature.
Inasmuch as the potenial difference becween the two kinds of space potendal curves i a constan Ey the conduceivicy may be
written

C= Amere 4 A5 (5)

Since the factor Ayfire; does no differ geeady in magnitude from the factor Apizey itis a simple matter of caleulation to show that

this expression is a minimum when

Vv

i, that the restvity of the material is greates at the depth at which the a curves and the b curves of Fig. 15 lie at equal distances
above and below the Fermi leve, respectively; and that, furthermore, the resstvicy departs rapily from this maximur value as the
space potentials V, and Vi depare from equality IF
E
V<2

a Neype. If

E, E,
Vs B gy < B
> g or

yisgreater than the d Ptype.
i F in the course of their travel in the layer from
the emitcer to the collector—in the figure, parale with the Y axis. As in Fig. 15, the X axs represents depth measured into the semi-

conductor and the V axis which is drawn As
e e e 8 el T o i e S e e

tencial, to which the holg che collector self,

OF that part of the emitter current which crosses the barrier, @ certain fraction croses it again in the vicinity of the colletor and is
collected, chus forming a part of the colletor current. The foregoing hypothesis as to the mechanism by which amlification s ob-

surfie ler b of m: e s
and disposed spreading from the emitter elctrode, a base electrode making

e \u,ay ofth block, an input i incldingasource connecrd o th e lctrode and 1 hebseclectrode

electrode, respectiely

27. f hi

e laer s ofth apposic conducivy tpe, 4n it electrode making contact wich th sufce e, colletor lcrode
making contact with the surface layer and disposed to collect current spreading from the emitter electrode, a bas clectrode making
contace with the body of the block, an input tothe and

iy and Toad h Jectrod Ay

28, A ranslating device owo rectifer , anoth , asource of input cur-
rent variations. a load, sources of bias voltage, d the firs of said rectif
cluding at least said source of input current variaions and one of said bias sources poled for forward recifier current flow through
sid s e conac, and it rending from the e rcifrcontat shough sidkad 10 on ofthe vo et -

other

29. A translating device according to claim 28 in which said load is included between said other rectifier contact and said other

30 I 28in which said b d i
31 I 28in which said load rectifier the first.
Faid Faid load.

32. A ranslating device according to claim 28 in which said load is included in a circuit portion that i common to said two men-

B.A hi prises a block et an nier with the block, a -
gion of the body of the block immediately under th d by said by an inver-
sion pea in the block to collct g o the block by way
of d y of

3 fined in claim 33 wherein

35.In combi body by way of said emitter elec-
trode, fo from said within said

the signs of
ly present i exss i the seral f the body under equilbiu enndliclos, and conneetonsfo applying a signal o be ampli
fied becwieen the emitter electrode and the base electrode, whercby the current withdrawn from the collector electrode contains a
component which is an amplified version of suid signal.

36. A circuit clement as defined in claim 6 wherein the semiconductive supporting body has the form of a truncated pyramid and
wherein the surface laer covers the smallest face of the pyramid

7. in y d wherein
occupies a small part ofsaid one fac.
£

one sign over mobile charges of the other sign, a base electrode making low resstance contace with said body, an emiter clctrode
making contact with szid body at a region spaced from said base electrode, an input cireuit connected between said base and emitter
elctrodes and including  soure o iasing sideiter sectrde with sid o g, therby 10 injct n id body chargs of
sid other 0 said body, and an. b

tion and one of said emitter and base clectrodes and including a source for biasing said output eectrode connection with said one
sign, thereby to withdraw from said body a current of charges of said other sign introduced into said body through said emitter

39. A signal translting device comprising a body of semiconductive material which material normally contains an excess of mobile
R the other sign,

the collector

The. ponent, which a
crossing the barrier once on its way. A hypothesis 1 to the manner in which th component takes part i the amplification

processisasfollows:
There is a potenial hill at the contact point between the collector electrode and the surface layer which offers an impedance to the.
flow of lectrons from the electrode into the semiconductor. In the absence of bias, the height of thishill, indicated by E, in Figs. 13
and 15, s the energy m]\nrtd 10 take an clectron from the metal and place it inthe conduction band of the senconductor. When
of the hill and 50 the impedance of the conact poinr, ae reduced
by the electric field across the layer and barrer which acts in such a direction a to pull elctrons from the electrode. The effect s to
T O T 3 ST 07 L G D S € S s
d o

achot ien the emiteer is of holes flows o the clk

i Elurgei of these holes in the viinity of the collector tends

in hill i e, in

increascin the contacr pelm

“Thus any inerease in that component of the collector current  the emitte por -
crease in the ocher component of the collctor current, namely, in the fow e e H:m i
in collector current may be greater than the change i the emitter current.

From e foregog descipion it will b ler tha i it s desred to employ  smiconductor lock of which the min body i o -

Fthe thin surfice lay of Netype, th
AT o 1T 0, Pt i L s T i e R Bl
operation will depend on s acment and processing, Furthermore, i is possible

o use  P-type layer of on an Netype body of some or vice versa Allsuch

b
The invention is not to be construed a limited to the particular forms disclosed herein, since these are to be regarded as illusrative
rather than reseicive.

Whatis claimed is:

The spelling and punctuation are those of the printed patent. Text and drawings
of a US patent, typically not subject to copyright (USPTO).

region of said body spaced from sid col-
lector connection energy to establish i ssid egion mobile electrc charges of sid other sign, and an output cicuit connected be-

and for biasof the
P PP

0.4 I prising a body of  one portion of which is of one conductiviy type and another
portion of which pe,an portion of the body,a e

gaging the body to collct current flowing to the body by way of said emitter electrode, and a base clectrode providing a low-resis
Faid current

portion of y
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