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This application is a continuation-in-part of
&pplica.tion Serial No, 11,165, filed February 26,
1548, and therealter abandoned.

Th1s invention relates to a novel method of and
means for translating electrical variations for
such purposes gs amplification, wave generstion,
and the like.

The principal object of the invention is to am-
plify or otherwise translate electric signals or
variations by use of compsact, simple, and rugged
apparatus of novel type.

. Another object is to provide a eireuit element
for use as an amplifier or the like which does not
require a heated thermionic cathode for its op-

eration, and which therefore is immediately oner- |

L1k, QL0 WINCH LNeralorg 1s 1mmeQlalely opor

ative when turned on. A related object is to pro-
vide such a circuit elemsnt which requires no
evacuated or gas-filled envelope.

Attempts have been made in the past to con-

vert golid rectifiers utilizing selenium, copper sul- 2

flde, or other semi-conductive matarials into am-
plifiers by the direct expedient of embedding s
grig-like electrode in a dielectric layer disposed
between the eathode and the shode of the rec-
tifier.
tric force at the surface of the cathode, to moa~
ify its emission and so .alter the cathode-anode
ecurrent. As a practical matier it is impossible to
embed a grid in a lgyer which is so thick as to
insulate the grid from the ofther electrodes and
yet so thin as to permit current to flow between
them. It has also been proposed to pass a eur-
rent from end to end of a strip of homogeneous
isotropic semiconductive material and, by the
application. of a. strong transverse electrostatic
field, to control the resistance of the strip, and
hence the current through it

S0 far as is known, all of such past devices are
heyond human skill to fabricate with the fine-
ness necessary to produce amplification. In any
event they do not appear to have beenh commer-
cially successful.

It is well known that in semiconductors there
are two types of carriers of electricity which dif-
fer in the sizgns of the effective mohile charges,
The negative carriers are exeess electrons which
are free to move, and are denoted by the term
conduction electrons or simply electrons,” The
positive ecarriers are tnissing or defect “elecirons,”
and are denoted by the term “holes.” The con-
ductivitby of a semiconductor is called excess or
defect, or N or P type, depending on whether the
mobile charges normally present in extess in the
materia)l under equilibrium conditions are elec-
trons (Megative carriers) or holes (Positive car-
yiers).

The grid is supposed, by exerting anh elee- ¢
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When a metal electrode is placed in contact
with a semiconductor and a poiential difference
is applied across the junction, the magnilude of
the current which flows often depends on the
sigh a5 well as on the magnitude of the poten-
tial. A junction of this sort is called a rectify-
ing contaet. If the contact is made to an N-
type semiconductor, the direction of easy cur-
venib flow is that in which the semiconductor i3
negative with respeet to the electrode. With a
P-type semiconducteor, the direction of easy flow
is that in which the semitonductor is positive
A similar rectifying contact exists at the bound.
ary between two semiconductors of opposite coti-
ductivity types.

This boundary may separate two semiconduc-
tor materials of different constitutions, or it may
separafe Fones or regions, within a kody of
semiconductor material which is chemically and
stoichiometrically uniform, which exhibit differ-
ent conductivity characteristics,

The present invention in one form utilizes a
block of semiconductor material on which three
elecirodes are placed. One of these, termed the
collector, makes rectifier contact with the body
of the block. The other, termed the emitter,
preferably makes rectifier contact with the body
of the block also, The third electrode, which
may be designated the base electrade, preferably
makes a low resistance eontact with the body of
the block. When operated zs an amplifier, the
emitter is normally biased .in the direction of easy
current flow witli respect to the body of the
semiconductor block. The nature of the emit-
fer electrode and of that portion of the semi-
conducior which is in the immediate neighbor-
hood of the electrode contact is such that a sub-
stantial fraction of the current from this elee-
trode is carried by charges whose sighs are op-
posite o the signs of the mobile charges nor-
mally in execess in the body of the semiconduc-
tor, The collector is biased in the reverse, or
high resistance direction relative to the body of
the semiconductor. In the absence of the emit-
ter, the current to the collector flows exclusively
from the base electrode and is impeded by the
high resistance of this eollector contact. The
sign of the collector bias potential is such as to
attract the carriers of opposite sign which come
from the emitter. 'The collector is so disposed in
relation to the emitier that a large fraction of
the emitter curreni enters the collecior. The
fraction depends in part on the gecmetrical dis-
position of the electrodes and in part on the bias
potentials applied. As the emitter is biased in
the direction of easy flow, the emitfer current
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is sensitive to small chanpes in potential between
the emitter and the body of the semiconductor,
or between the emitter and the base electrode.
Applleation of a small voltage variation between

Flas taman 1 +-
the basge electrode and emitter causes g relatively

large change in the current entering the serni-
conductor from the emitier, and a correspond-
ingly large change in the current to the collec-
tor. One effect of the change in emitter cur-

rent iy to modify the total current flowing to the
nnl]_ﬁntgr =0 that {the gyeragll r"l’wu'l’\r.!‘la in r'nﬂpﬂfnr
current may be greater than the change in the
emitter current. The collector circuit may con-
tain a load of high impedance matched to ithe in-
ternal impedance of the collector, which, be-
cavge of the high resistance rectifier contact of
the collector, is high. As a resuif, voltage am-
plification, eurrent amplification, and power am-
plification of the input signal are obtained.
In one form, the device utilizes a block of semi-
conductor material of which the main hody is of
one -conductivity type while a very thin surface
layer or fllm is of oppcsite conductivity type. The
surface layer is separated from the body by a
high resistance rectifying barrier. The emitier
and collector electrodes make contact with this
surface layer sufficiently close fogether for mu-
tual influence in the menner deseribed above.
The hase. electrode mekes a low reslstance con-

tact with the body of the semiconductor. When .

suitable bias potentials are applied to the various
electrodes, a current flows from the emitter into
the thin layer. Owing to the conductivity of the
layer and to the nature of the barrier, this eur-
rent tends to flow laferally in the thin layer,
rather than following the most direct path across
the barrier to the base electrode. This current is
composed of carriers whose signs are opposite to
the signs of the mobile charges normally in ex-
cess in the Body of the semiconductor. In other
words, when there is a thin layer of opposite con-
ductivity type immediately under the emiffer
electrode, the current flowing into the block in
the direction of easy flow consists largely of car-
riers of oppesite sign to those of the mohbile
charges normally present in excess in the hedy of
the bleck:; and the presence of these carriers in-
creases the conductivity of the block. The hias
voltage on the collector which, as stated above, is
biased in fhe reverse or high resistance direetion

relative to the block, produces a strong electro-

static field in a region surrounding the collector
so that the current from the emitter which en-
ters this region is drawn in to the collector.
Thus, the ccllector current, and hence the con-
ductance of the unit ag a whole, are increased.
The size of the region in which this strong fleld
exists is comparatively insensifive to variations in
the collector potential so that the impedance of
the coliector circuif is high, On the ofher hand,
the current from the emitter to the laver is ex-
tremely sensitive to variations of the emitier po-
tential, so that the impedance of the emitter cir-
cuit is low.

It is a feature of the invention that the inpus
and ouiput impedances of the device are coan-
trolled by choeice and freatment of the semicon-
duetor material body and of its surface, as well
as by choice of the bias potentials of the elec-
trodes. )

From the standpoint of its exfernal hehavior
and uses, the device of the invention resembles
a vacuum tube triode; and while the electrodes
are desipnated emitter, collector and hase elec-
trode, respectively, they may be externaily inter-
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connected in the various ways which have he~
come recognized as appropriate for triodes, such
as the conventional, the “grounded grid,” the
“ospounded plate” or cathode follower, and the
like. Indeed, the discovery on which the inven-
tlon is based was first made with circuit connec-
tions which are extremely similar to the so-calied
“grounded grid’’ vacuum tube connections. How-
ever, the analogies among the circuits is, of
coutse, no better than the analogy between emit-
ter and cathade, base electrode and grid, collee-
tor and anode.

By feeding back a portion of the gutput veltage
in proper phase to the input terminals, the de-

. vice may be caused fo oscillate at a frequency de-

termined by its external civeult elements, ang,
among other tests, power amplification was con-
firmed by a feedback connection which eaused it
to oscillate.

Tf has been found that the performance of the
device is expressed, to a good approximation, by
the following functional relations:

Ig=f(‘Ve+RF1c)
Te=Ic"(Ve) Fale

(1)
(1)
where
Ie=emitter current
I.=collector current
T2 (Ve) =eollector current with emitter discon-
nected

Ve=voltage of emitter electrode measured with
respect to the base electrode

Ve=voltage of coliector electrode measured with
respect ta the hase electrode

Rr=an equivalent resistance independent of bias

e—=a numerical factor which depends on the bias
voltages

#(¥a) gives the relation belween emifter current
and emitter voltage with the collector cireuic
open.

The interpretation of the foregoing Equation 1
iz that the collecior current lowers the potential
of the surface of the block in the vielnity of the
emitter relative fo the base electrode by an
amount Rele, and thus increases the effective hins
voltage on the emitter by the same amount. The
term Rrlc thus represents positive feedback.

The invention will be fully apprehended from
the following detailed description of one embodi-
ment thereof, taken in connection with the ap-
pended drawings, in which:

Fig. 1 is a schematic diagram, partly in per—
spective, showing a preferved embodiment of the
invention;

Fig. lgisa cross-section, of a part of Fig. 1 toa
greatly enlarged scale;

Fig. 2 is the equivalent vacuum tube schematic
circuit of Fig. 1;

Fie. 3 15 a plan view of the block of Fig. 1, show-
ing the disposition of the clectrodes;

Fig. 3¢ is like Fig. 3 but shows the influence of
the collector in modifying the emitter current;

Figs. 4, 5, 6 and 7 show electrodz dispositions
alternative to those of Fig. 1;

Figs. 8 and § show electrode sii
native to those of Fig. 1;

Fig. 10 shows a modified unit of the invention
connected for operation in the ecircuit of g con-
ventional riode;

Fig. 11 shows another medified unit of the in-
vention connected for operation in a “grounded
plate’” or cathode follower circult,;

Fig. 12 shows the unit of the invention con-
nected for self-sustained osecillation;

cr—
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Pz, 13 is a diagram showing the eleciron pos
tential distribution in the interior of an N-type
gemiconductor in contact with a metal;

Fig. 14 is & diagram showing the electron po-
tential distribution in the interior of a P-lype
semiconduetor in contact with a metal.

Fig. 15 is g disgram showing the electron po-
tential distribution in the interior of a. thin P-
type semiconductive layer in contact on one side
with a metal and on the other side with a body
of N-tyne semicondncting material, for electrons

in the conduction hand (upper curves) and in the

filled band (lower curves); and

Fig. 16 is o diasgram showing the variation of.

the potential distribution of curve b of Fig. 15 as
g function of distance from the emiftter to the
collector.

The materials with which the invention deals
are those semiconductors whose electrical char-
acteristics are largely dependent on the inclugion
therein of very small amounts of significant im-
purities. The expression “significant impurities”
is here used to denote those impurities which
affect the electrical characteristics of the ma-
terial such as its resistivity, photosensitivity, rec-
tification, and the like, as distinguished from
other impurities which have no apparent effect
on these characteristics. The term ‘“‘impurities”
is intended to includle infentionally added con-
stituents as well as any which may be included
in the bhasic material as found in nature or &as
commercially availabie. Germanium is such a
material which, along with some representative
impurities, will furnish an lustrative exampie
for explanation of the present invention. Silicon
is another such material. In the case of semi-
conductors which are chemical compoundg such
as cuprous oxide (Cu2Q) or silicon carbide (SiC),
deviations from stoichiometric composition may
constitute significant impurities.

Small amounts, i. e, up to 0.1 per cent of im-
purities, generally of higher valency than the
basic semiconductor material, e. g., phosphorus in
silicon, antimony and arsenie in germanium, are
termed “donor” impurities because they con-
tribute to the conductivity of the hasic material

by donating electrons to an unfilled “conduction

energy band” in the basic material. In such case
the donated negative elecirons constitute the car-

riers of current and the material and its con- 5

ductivity are said to be of the N-type. Similar
small amounts of impurities, generally of lower
valeney than the basic material, e. g., boron in
silicon or sluminim in germanium, zre termed
“geceptor” impurities because they contribute to
the conductivity by “accepting” electrons from
the atoms of the basic material in the filled band.
Such an accentance leaves a gap or “hole” in the
filled band. By interchange of the borrowed elec-
trons from atom to atorn, these positive “holes”

affectively move about and constittita.the earriers

of current, and the materizl and its conductivity
are said to be of the P-type.

Under equilibrium conditions, the conductivity
-of an electrically neutral region or zone of such

g semiconductor material is directly related to

the concentration of = significant = impurities.
Donor impurities which have given up electrong
to an unfilled band are positively charged, and
may be thought of ag fixed positive ions. In g
region of a semiconductor which has only donor
type impurities, the conceniration of eoriduction
electrens is equal to the concentration of loniZed
donors. Similarly, in & region of a2 semiconductor
which has only acceptor impurities, the concen-
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tration of holes is equal to-the concentration of
the negatively charged aceceptor ions.

If for any reason there is a departure from
electrical neutrality in a region, giving a resuitant
space charge, the maegnitude of the conductivity,
and even the conductivity type may differ from
that indicated by the sighificant impurities. It
was onece thought that the high resistance barrier
layer in a rectifier differs somehow in chemieal
constitution or in the nature of the significant
impurities from the main body- of the semicon-
ductor. W. Schattky, in Zeits. I, Phys., volume
113, page 367 (1838), has shown that this is not
necessary. While the concentration of carriers
(mobile charges) in the barrier layer is small,
the concentration of ionized impurities (fixed
charpes) may be the same as in the body of the
semiconductor. The fixed charges in the barrier
layer act in concert with induced charges of op-
posite sipn on the metal electrode to produce a
potential drop between the electrode ang the
body of the semiconductor. The concentration of
carriers at a point debends on the electrostatic
potential at that point, and is small compared
with the equilibrium concentraticn in the body
of the semiconductor if the potential differs from
that in the body by mote than a small fraction
of a voit, The mathematical theory has been
developed by W. Schottky and E. Spenke in Wiss.
Veroff. Siemens Werke, vol. 18, page 225 (1939).
These authors show that if the variation in elec-
trostatic potential with depth below the surface is
sufficiently large, the conductivity passes through
a minimum for a certain potential and depth and
the conductivity is of opposite type for larger
values of the potential corresponding to smaller
values of depth. They call the region of opposite
conductivity type an inversion region. It is thus
possible to have at a rectifier contact o thin layer
of one conductivity type next to the metal elec-
trode, separated by a high resistance barrier from
the body of opposite conductivity type.

It has heen pointed out by J. Bardeen in Phy
Rev., vol. 71, page 717 (1847), that the same sort
of barrier layer that Schottky found for rectify-
ing contacts may exist beneath the free surface
of g semiconducter, the space charge of the bar-
rier layer belng balanced by a charge of opposite
sign on the surface atoms. If is possible, for ex-
ample, to have z thin layer of P-type condue-
tivity at the frees surface of a block which has a
uniform concentration of donor impurifies and
which, therefore, has N-type conductivity in the
body of the bloek, even though there ar no ac-
tual acceptor impurities.

To distinguish such a situation from the simi-
lar one which depends on the presence of signifi-
cant chemiecal impurities of opposite type in a
thin surface layer, the terms “physical” and
“chemical” are employed. Thus the terms
“physieal layer” and “physical barrier” refer to
the layer of opposite conductivity type next to
the surface and the high resistance barrier which
separates it from the body of the semiconductor,
hoth of which exist as a result of surface condi-
tions and not as a resuli of a variation in the
naturs or concentration of significant impuri-
ties. The terms “chemical layer”™ and “chemical
barrier” refer to the corresponding -situation
which does depend on a variation in significant
impurities.

Boith physical Iayers and chemical layetrs are
suitakble for the invention.

- It is known how, by control of the distribution
of impurities, to fabricate a block of silicon of
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trhich the main body is of one conduetivity type
while a thin surface layer, separated from the
main bedy by a high resistance barrier, is of the
other type. In this case the layer is helieved
10 be cheniical rather than physical. For meth-
ods of preparing such silicon, as well as for cer-
tain uses of the same, reference may be made
to an application of J. H. Scaff and H. C.
Theunersr, filed December 24, 1947, Serial No.
793,744 and {0 United Statex Patents 2,402,661
and 2,402,662 {o R. S. Ohl. Buch materials are
suitable for use in connection with the present
invention. It is preferred, however, to desceribe
the invention in connection with the material
which was employed when the discovery on which
the invention is based was made, namely, N-type

carmoninm whirh hno hoaon en treoated oc tn an-
SO lliGdiiuill Waddurl Jed PORIL U WluvbU tio v Tid

able it to withstand high voltage in the reverse
direction when used as a point contact rectifier.

There are a number of methods by which the ¢

germanium and its surface may bhe prepared.
One such method commences withh the process

whinlh farma +ha sohipat omattor nf an annlipatine
WallCil TOTIILS WC GUGCOL-UEGWLCL Ui wii Q2 iladivll

of J. H. Scaff and H. C. Theuerer, filed December
29, 1945, Serial No. 638,351, angd which is further
described in “Crystal] Ractifiers” by H. C. Torrey
and C. A, Whitmer, Radiation Laboratory Series
No. 15, (McGraw-HiI] 1948). PBriefly, gzrmanium

A i eys) s Ainla and weaSirand
Qioxiae 1:) yJauLu J,u a por .;LJ.ruu Q15 anda reoucta

to germanium in a furnace in an atmosphere of
hydrogen. After a preliminary low heat, the
temperature is raised to 1,000° C. at which the

germanium is liquefied and substantially com--

‘The charge is then

wharannnan

plete reduction takes place.
rapidly gooled to room temperalure,
it may be broken into pieces of convenient size
for the next step. The charge is now placed in
8, graphite crucible and heated ta ligquefaction in
an induction furnace in an atmoephere of
helium and then slowly cooled from the bottom

nnwardly hv paiging tha heatinge anil at the roe
upwardly by raisihg the heating ¢oil at the raic

of about % inch par minute until the charge
has fully solidified. It is then ecooled to roam
temperature,

The ingot is next sopked at & low heat of ahout
500° C. for 24 hours in a neutral atmosphere, for
sxample of helium after which it is allowed to
cool to room temperature.

In the resuliing heat-treated ingot, various
parts or zones are of various characteristics. In
particular, the central part of the ingot is of
N-type materia] capable of withstanding g “paclk

waltnsa M in the sonee i1 whinh $hia famm iz om
veltage,” in the sense in wh'ch this term is smi-

ployed in the rectifier art, of 100-200 volts. It is
this material which it is preferred to employ in
connection with the presenf invention.

This material is next cut into blocks of suit-
able size and shape for gse in connection with
the invention. A suitable Sﬂz’i'GC is a disc Sh‘a‘GEu
block of about L inch diameter, and 4 inch
thickness, The block is then ground flat on hoth
sides, firet with 280 mesh abrasive dust, for ex-
ample, carhorundum, and then with 600 mesh.
It is then etched for one minute, The stching
solution may cvonsist of 10 e. ¢. of concentrated
nitrie aecld, 5 ¢. ¢ of commercial standard (50
per cent) hydrofluorie acid, and 10 c. c¢. of water,
in which a small amount, ¢ g. 9.2 gram, of cop-
per nitrate has been dissolved. This etching
treatment enables the block to withstand high
(reciifier) back voltages.

Next, one side of the block is provided with a
cogting of metal, for example copper or gold,
which constitutes a low resistance electric con-

WilSTeUnnil <
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tact. This may be done by evaporation or eled-
troplating in gecordanee with well-known tech-
niques., As a precaution against contamination
of the other (unp]ated) side of the block which
may have cccurred in the course of the piating
process, the unplated side may be subjected to
& repetition of the etehing process.

_The bloek may now be given an anodic oxida-
tion treatment, which may be carried out in the
following way. The block is placed, plated side
dowil, on a metal bed-plate which is connected
to the positive terminal of o source of voltage
such as a battery, and that part of the upper
(unplated) surface which is to be treated is cov-
ered with polymerized glycol boriborate, or other
preferably viscous eleetrolyte in which ger-

yaninre Aiavida o {mealuhla

Anv alantwnds of
ddailiuill QIUAIUD 13 LHISUIudIC,

inert metal, such as silver, is dipped into the
liguid without touching the surface of the block,
and is connected to a negative battery terminal
of about —22.5 volts. Current of about 1 milli-
ampere commences to flow for each square cen-
timatar ~f hinslr crfans falline tn ahend D9

milliampers per cm.? in about 4 minutes. The
electrode is then connected to the 45 volt bat-
tery terminal. The initial current iz about 0.7
milliampere per cn.?, falling to 6.2 milliampere

per em.2 in about 6§ minutes. The electrode iz

than sonnspted t5 the an volt ba H-nv" tamminal
............. < [ 4 Lermingl.

The initial eurrent is now about 0.5 mnhampere
rer em?2, falling to about 0.15 milliampere per
cm.? in 19 to 20 minutes.

The hattery is then disconnected, the bloek is
removed and washed clean of the glyeol borate
with warm watler, and dried with fine paper tis-
sue. Finish drying has been successfully car-
ried out by placing the block in a vacuum cham-
ber and applying radiant heat. Fither the heat
or the vacuum may be sufficient, but both to-
gether are known to be. If spot electrodes are

reauired an tha nnnoae csfans o0 Intan Ancanihe
reguireq on e URRer gurface s later gdescribed,

they may be evaporated on in the course of the
finish drying process, The germanium block is
now ready for use.

The foregoing oxidation process, however, is
not essential, Ampliflcation has been obta.ined
with specimens to which no surface treatment
has heen applied subsequent to the eteh, other
than the electrieal forming process described
below.,

Fig. 1 shows a block | of germanium which has
been prepared in the forenroing manner. and_
Mg, 1g shows the central part of the hlock |
in section and to an enlarged scale. Referring
to Figs. 1 and lo together, the lower part of the
block I, whose surface is plated with a metal film
2 serving as the hase elecirode, is known to he of
N-type. The thin layer 3 at the upper surface
manifests r'-u,“y“pe C(Jﬂduwxvxuy in which case, s
is well known, the boundary 4 separafing this
P-type layer from the N-type material of the
main body of the block behaves like g high resist-
ance rectifying barrier. A first electrode 5, de-
noted the emitter, makes contact with the upper
face of the bleck, i, e, with the P-type layer 3,
pbreferably somewhere near its center, or at least
several point diameters remaoved from the near-
est edge. This contact is preferably of the rec-
tifier type with respect to the body of the block |,
It may comprise a bent wire of springy material,
from 045 to 5 mils in diameter, preferably
pointed at the contact and electrolytically or
by grinding. Processes for forming the points

75 on such wires are described in TUnited States
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Patent 2,430,028 to W. (3. Pfann, J. H. Scaff and
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 ncold fAow of the metal of tha noint tzkeg nilarse,
& CQIG BOW o1 The metad O §A8 point Laikes plaltse,

causing it to conform to any minute irregulari-
ties of ihe block surface. To this end the wire
of the point should be ductile as compared with
the material of the block. Tungsten, copper
and phosphor hmnze are examples of suitable

rmataninla
materials.

A second electrode 6, denoted the collector,
makes contact with the upper face 3 of the block
very close to the emitter 5. Best results have
been obtained when the separation, measured
along the surface of the block, between the col-

Tamboan mam T dleo mecibdbau $o Pocaan 1 b 1A o Mo
WOL0T andg tie emiviel’, 1S IToin 1 o 11U mils. This

electrode § should make rectifier contact with
the block and may be =z pointed spring wire,
formed and placed as above described in connec-
tion with the emitter 8. On the other hand, it
may eomprise a small spot of metal, for example,

eontd wilvint hes
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surface of the hlock in the course of the final
drying operation, and through which a ceniral
hole hag heen pierced (see Fig, 6) or across
which a diametral slof has been cut (see Fig, 7).
Evaporation of such a spot or flm of metal onto

the upper facse after nr\mn]ahnn of the anodic

haan avonnraisad amta the 1mmor
LLCH CYApLIaula OOVh vl upjitl

e

oxidation process descnbed above results in a
non-ohmic rectifier junction or connection.

A third connection, termed the base clectrode,
is made, by soldering or otherwise, to the metal

film 2 which has been plated onfo the lower sur-
face of the hlock .

‘While the unit is now ready for use, ils opera-
tion can generally be improved by an electrical
forming process, in which a potential in excess
of the peak back voltage is applied to either one
or hoth of the point electrodes §, B, 1. e., between
it and the base electrode 2. The unit is pro-
teeted from injury by heavy currents by inclu-
sion of a resistor in series. The efiect of this
treatment is believed to e in a concentrafed
aprlication of electric field and heat to the ma-
terial in the immediate neighherhood of the point,
and sp in an improvement of the electrical char-
acteristies of the contact.

Bias vcltages are now applied {o the electrodes,
a small bias, usually positive, on the emitter of
the order of a iraction of a volt and a larger hega-
tive bias on the collector. usually in the range
from -5 to—B0 volfs, measured, in each case,
from the body of the block to the point electrode.
These biss potentials may be obtained from bate
teries T, § connected as shown or otherwise, as
desired. ‘

A load of 1,000 to 100,000 ohms may now be
connected in circuit with the collector, for ex-
ample by way of an output transformer 9, and
a signal to be amplified may be applied between
the emitter and the base electrode, for example
by way of an input transformer (8. The con-
nections may be those of the conventional iri-
ode as indicated in Fig. 10, or of the so-called
grounded plate or cathode-follower, as in Fig. 11.
In these figures the input signal is symbolically
represanted by o source |f and the load by an
output resistor Rr.. Discovery of the amplifying
praperties of the device was made, however, with
the grounded hase circuit of Fig, i, of which the
vacuum tube eounterpart is the so-called
“grounded grid’”’ connection of Fig. 2. (The prin-
cipal distinguishing feature of this circuit as
employed with a vacuum tube friode is that the

[}

10

15

20

30

40

4h

a5

60

70

10
Ioad current flows through the source. This
does not hold {or the unit of the present inven-
tion, because the base electrode may draw sub-
stantizl eurrent.) 'The device as thus connected

haz »:r'n_n:-n pn\m—‘-r aging of more than o farfor af
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75, Operating data on three different samples are
given in the following fable:

Sample No. oo 1 2 3

Topnt Hes. (0NmS) oo ooeee e H30 B0G 1,000
Qutpat Res. (Ghms)o.ocuomume 310 33104 3IX1H
Innut Voltage, A, C. R M. 8. 0.29 ¢.30 0.10
OutnutVo]ta"e. ACR.ME 18 15 3.6
Voltage (al 62 50 36
Power in (\\a 1.3%10-4 1, 810+ 1. 15%10~3
Power out (watts)_ 1907¢10-* TEX10 | 42,5X10°8
Power Gain_. & 42 a6
TnnutEius n.c . Cvnltsy .. +0.2 +0.25 +0.2
Ouiput Bias 1. C. (volls).... —4d =20 —1i0

Confirmation of the oresence of power am-
plification has been obtoined by feeding back a
part of the output voltage to the input eireunit, as
by way of the coupling between the windings of a
transformer 12, as in Fig. 12 whereupon sustained
self-oscillation tock place.

it is to be noted that in the case of the No.
1 sample of the foregoing table, the power gain
exceeds the voltage gain by a factor of

=]

G‘J] =)
[ ]

or 1.3. Inasmuch as, in any amplifying device
which gives both power gain and voltaze gain,
the current gain is the quotient of the two, i

is evident that samnple No. 1 manifests a current

gain of 1.3,

Without necessarily subscribing to any particu-
lar theory, the following hypothesis is presented
to account for the. experimentally determined
facts, with all of which it is consistent. It is
helieved that the preparation of the semi-con-
ductor material and its surface freatment result
in the formation of an oxide film, and, below it,
of a layer or film 3 of P-type conductivity on the
surface of the block, geparated from the main
hody, which is of N-type, by a high resistance
barrier 4. The oxide film is removed by washing.
This P-type layer is very thin, perhaps 10-5 ¢cm., in
thickness, but the N-type body of the block pro-
vides all necessary support for it, and also
provides a low impedance path to the base elee-
trode 2. Tis presence is confirmed by the fact
that, partieutlarly with featherweight forces on
the contact points 5, § and with small voltages
applied to them, P-type rectifier characteristics
have sometimes been obfained. (P-type and
MN-type recfifier characteristics and their sig-
nificance and differences are discussed in United
States Patent 2,402,839 to R. 8. Chl.) Buf when
the mechanical force on the contact point is in-
creased to 10 grams or so and the voliage applied
to it is raised to Y% volt or zo, the rectifier char-
acteristic is observed suddenly to shift from
P-type to N-type. Furthermore, potential probe
measurements on the surface of the block, made
with the collector disconnected, indicaie that the
major part of the emifter eurrent travels on or
close to the surface of the block, substantially
laterally in all directions away from the emitter
5 before crossing the barrier 4. These measure-
ments indicate the presence of a conducting layer
at the surface of the block, which by inference is
of P-type. In case the treatment stops with
the etching process, the layer is believed to be
physical. If it includes the furfher anodie oxida-



2,624,085

11
tion step, the layer is believed to be chemical, but
its nature has not besn definitely esiablished.

It is helieved that the P-type layer on the
germaniom surface of the preferred emhodiment
is not greatly altered when a contact is made
with a metal point. When a small positive bias
is applied to the emilier, and a current flows, the
carriers are lareely those of the surface layer,
that is, holes rather than conduction electrons.
The potential probe measurements discussed
zhove indicate thrt the concentration of holes,
and thus the conductivity, in the vicinity of the
emitier point, increase with increasing forward
current. This hole current spreads out in all
directions from the emitter 5 beftre crossing the
high resistance barrier 4. With the ecollector
eireuit open, it then makes its way throughout the
body of the block to the plated lower surface 2,
(In the N-type body of the block, the current
may take the forni of & flow of electrons upward
to neutralize the downward flow of holes from
the P-typelayer.) - In the absence of the collecior
electrode 6, this current is the only current. Its
path is indicated in Fig. ig by stream lines £3.

Now when the collector 6 contact is made, and
a negative hiag potential is applied to it, of from
--h to —B0 volts, a strong electrostatic field ap-
pears across the P-type layer %, and across the
high resistance barrier 4, being maintained by
the fixed positiva charges in the N-typo body ma-
terial in the immediate vicinity of the ¢ollector,
The harrier end the P-type layer together ars
believed to be of the order of 10— em. in thick-
ness. Thus with 10 volts acrcss a space of 10—
cms., the averagza strength of this field is of the
order of 10% volts per cm., being greatest at the
eollector and extending in all directions from the
collector, and is indicated in Fig. 12 by the broksn
line 14, within which some of the fixzed positive
charges are indicated by plus signs.

It is in order that the material shall be able
to support o larse voltage drop across this region
that material of the so-called high back wvolt-
age type is preferred.

Mow when the current of positive holes as indi-
cated hy stream linsg 15 comes within the infiu-
ence of this field, the holes are attracted to. the
region of lowest potential, namely, to the point
at which the collactor electrode 6 makes contact
with the laver 3. There they ave picked up by
the collector 6 to sppear as g current in an ex-
ternal load cireuit 4, § connected to the collector
6, With the large negative bizs on the collector
6, a variation of several volis on the coliector
makes very little difference in the strength or
the extent of tho field which surrounds it, and
therefore has hut a secondary effect on the frac-
tion of the emitter current collected by the col-
lector. In other words the collector operates un-
der conditiong which are close to safuration, and
the alternating current impedance of the collec-
tor eireuit is high. As shown in Table I, it has
been measured at values from 10,000 to 100,000
ohms. Tor maximum power osutput, the external
load impedance should be matched to the in-
ternal impedance of the collector, On the other
hand, variation of the voltage hetween the emit-
ter 5 and the base electrode 2 hy a small fraction
of a volt, as by a signal which may be applied to
the input terminals and so impressed on these
elecirodes, for example, by way of the transformer
id, efiects a Iarge variation in the emifter cur-
rent and therefore in the collector current.
Hencz an amplified replica of the Input siznal
voltage appears across the load resistor,
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As shown in Fig. la, it is preferred that the

area of contact of each of the two point electrodes

rith the surface of the block be large as compared
with the layer thickness. This reduces the actual
contact resistance as compared with the resist-
ance encountered by the current flowing laterally
in the surface laver itself; i e., the spreading re-
sistance of the layer.

When the collector electrode § is a single point-
ed wire or an evaporated metal spot, & fraction of
the emitter current, after spreading out laterally
in the F-type layer 3, eventually finds iis way
across the barrier 4 to the plated electrode 2 on
the lower face of the block, i, e, to the base elec-
trode. This situation is deplcted in Fig, 3 which
is a plan view of the hlock showing current stream
lines 13 diverging in all directions from the emit-
ter, The current stream lines 13 are straight in
the absence of the collector field. When the col-
lector field 14 is present the current field is dis-
torted as in Fig. 3¢ which shows that even with
a single collector electrode ¢ more than half of
the emitter curtent can be collected. In fact, the
fraction of the emitfer current which reaches

e collector may in favorable cases he as high as
00 per cent,

To increase this ratio, especlally in the case of
units in which this ratio 18 less favorable, re-
quires a modified electrode arrangement. Qb-
vieusly, if the strong field i4 surrounding the
collector § were to overlap or Include the emifter
5. substantizlly all of the emitier current would
be collezted. " This, however, would Involve a loss
of control. A soluticn is to provide two collectors

5 B, Ba, as in Tig. 4, or three §, €, 6&, as in Fig. 5,

symmetrically dispcsed ahout the emitier 5. Hvi-
dently with such an arrangement a considerably
greater fraction of the emliter current is coi-
lected. In cach easse the boundaries of the col-
lcctor field are indicated by broken lines i4. 'The
several ecllectors may be connected together and
as many may be employed as may scem desirable,
Pursuing this solution still further leads io the
ring collector 6d of Fig. 6, in which case the col-
lector field 14 hears the shape of o semitorus. Its
trace on the plane of the block surface is shown
by the broken lines {4e, {46, The two semicircu-
1ar spots 82, 87, of Fig. ".' are the substantial equiv-

alent of the cirele of Fig. 6.

Further increase may be made in the effective
resistance of the barrier 4 and therefore in the
internal resistance of the emifter-hase elecirode
cireuit and of the ratic of the ccllector current
to the emitier current by restriciing the area of
the barrier £ its2lf to a comparatively small region
surrounding the emitter 5 and the collector 6. This
may be accomplished by restricting the area of
the biock | which is subjected to the anodie exida-
tion treatment or by machining the block after
treatment. In the former case the result i a
howl-shaped P-layer 37, hounded by a bowl-
shaped barrier 47, as shown in Fig. 11, and in the
latter case it is a block 1 having the form of a
truncated pyramid, with the barrier 4** close to
the smallest face, as indicated in Fig, 10.

In the event that the spring feature is not
desired for the emitter and <collector contact
points, various alternative séructures may be
employed., TFor example, two sides of a wedge-
shaped piece of insulating material 16 may be
plated with netgl films as in Pig, 8, one 51 to

.serve as emilter and the other &1 as collector.

Or & cone-shaped piece {7 may be plated over its
conical surface and a wire inserted through a
central hole as in Fig. 9. The central wire 52
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is preferably employed as the emitter and the sur-
rounding plate film 62 as coliecior. The cohe and
the wedee serve to hold the inferelectrode capaci-
ties to & minimum while keeping the contacts
close together where they bear against the sur-
face of the semiconductor.

Further understanding of the considerations
which govern the thickness of the P-type surface
layer may be had from the-following considera-
tions, which apnly specifically to a chemical layer.
Fig. 13 iz a plot of the electrostatic poiential
within the body of an N-fype semiconductor in
contact with a metal. As above stated, the N-
type material of the semiconductor contains fixed
or bound positive charges. They are helieved to
be distributed with {air uniformity in depth to a
certain distance, beyvond which the material -is
elecirically neutral, because the bound positive
charges are balanced by egual negative (electron)

charges. In accordance with Poisson's equation:
a2V dwp
e (2
where

V is the pobtential

x I8 the distance, measured from the mefal into
the semiconduetor

p is the charge density, and

¢ is the dielectric constant of Lhe material.

Assuming the charge density g to be uniform, two
integrations give the potential as a function of
depth. When plotted, it i5 a parabola. In the
figure, negative potentis]l has been plotted up-

M wantiact wina T Fusms Fha Tlouwat Tairal
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to the terminus of the curve, 1. e, to its intercept
with the notential axis, represents the energy
which must be imparted to an electron to cause
it to move from the metal te the semiconductar,
These matters are fully explained in the Htera-

darvn Far aparnmln in T alabdlrela Thhamwian AF Tioer

ture, for example, in “Schotiky’s Theories of Dry

Solid Rectifiers.” by J. Joife, published in “Elec-
trical Communication,” wvol. 22 (1944-1945) at
page 217.

Similarly Fig. 14 shows the potential. dxstrlbu-
tion, for positive holes, within a P-typé semicon-

T thia pose tho
i

ductor in contact with o metal.
n I WES e

height Er of the terminvs of the curve from the
Fermi level represents the energy which must be
given to a positive hole to cause it to leave the
metal and enter the semiconductor,

Fig. 16 is a composite diagram showing, in the

I AL ATRIra, $hn alandnatn aTimwers Al 4 dha

Upper curves, 8 CislLIcll energy ana in uwae
lower curves the hole energy, within a semicon-
ductor which comprises a thin layer of P-iype
material separated from a hody of N-type mate-
rial by a bharrier. The fixed charges are nega-
tive in the P-type material and positive in the
sT-t-,'y'pE, and for mmphcn:y‘ are assumed to be dis-
tributed uniformly in each zone. Integration of
the charge densiiy, twice, in accordance with
Polsson's eguation gives the lowermost curves,
a, b of the two groups, which represent equi-
tibrium conditions and which, but for an addi-
tive constant B, are allke. The constant Eg

- represents the enerzy diffeyence bedween the filled
band and the conduction band for the particu-
lar material. ]

‘The middle curves @i, B, of each group rep-
resent the conditions when o small negative bias
is appiied to the semiconductor hiock i with re-
spect to the emitter §, and the upper curves az, b2,
of each group represent the conditions when a
signal applied between the emitier and the con-
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trol electroge further reduces the potential of
the hlock. Evidently the alteration of the block
potential with respect fo the emitter operates in
each case to increase the eéffective thickness of
the P-type layer and so the density of holes gnd
the Iayer conductivity. Such an increase in con-
ductivity with increase in the forward bias has
been observed in connection with the potential
probe measurements referred to above,

The rounded peak of the hole potential curve
les balow the Fermi level. The greater the thick-
ness of the P-type laver, the more the terminus
of this curve fails below the Fermi level, i. e.,
the greater the magnitude of En, and the greater
the difficulty for holes to leave the metal of the
emitter and enter the semiconductor. ' Simitarly,
the thinner the P-type layer, the less is the mag-
nitude of En, and the greater the ease with which
holes move from the metal of the emitter to the
semiconductor and enter it. On the other hand,
if the P-type layer is too thin, the conductivity
of the layer, which is related to the width of the
approximately flat portion of the upper part of
the eurve 1 of Fig. 15 will be small. In the viein-
ity of the collector electrode, the thickness of the
P-type layer should be sufficiently small so that
the rectification characteristic of the collector is
determined primarily by the body of the semi-
enndietor and not by the layer. If, now, the col-
lector is blased in the reverse direction relative
to the body, most of the drop from the high volt-
age on the electrode occurs in the immediate
vicinity of the eollector, so that the impedance
of the collector cireuit is high.

The P-type laver is preferably adjusted to an
optimum thmkness lying - between thess ex-
tremes. Best results are believed o be obtained
when its thickness is such that the terminus of
the curve fzlls slichtly bhelow the rounded peak.
Holes can enter the semiconductor without great
difficulfy, and tend to colleet in the region of
greatest negative potential as a eloud of mobile
positive charges, They then diffuse away from
the emitter—laterally in Fig. 1, perpendicular to
the paper in Fig. 15—some of them entermg the
field 14 of the collector 6.

Because the right-hand pert of t,_g 19\_m=r- curve
falls well helow the left-hand part, ‘positive holes
can cross the barrier only with dlﬁ’icu]ty Be-~
cause the P-type layer is thin, the energy ¥m,
required to cause holes {0 enter the layer is
small. Therefore holés enter easily under. the
infirence of the positive hias on the emitter
and collect in the layer, like alr bubbles as it
were, ab the top of 2 liquid in a closed vessel.
They may easily travel in the layer and parallel
with it.

The sense in which, and thc reason why the
barrier exists, sepatating p region of P-type con-
ductivity from a reeion of N-type conductwlty
despite the fact that, the semiconductor material
itself may be chemically and stoichiometrically
uniform, may he explained as follows:

- From the elementary considerations, the con-
ductivity Is given by

C=mni1e1p1~-nzezus (3

where

71, e, 1 are the electrou density. the electronic
charge, and the electron’s mobility, respectively,
and

72, 22, u2 are the corn espor-dmo quantities for pos-
itive holss..
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Tt 1s known that

ny= A€ £ (4a)
£V
yip= dpe ET (4h)
where Ve is the height of the elec'ron space po-

tential curve (a of Fig. 13) above the Fermi
level, and Vi ls, correspondingly, the height of
the Fermi Ievael above the holp space poiential
curve (b of Fig. 15) and A:, As 1K, and T are con-
stants for g given temperaturc. Imzsmmuch os the
potential difference beiween the two kinds of
space potential curves is a constant Hyg, the con-
ductivity may be written

O=Aipyrre
Since the factor Avuer does not differ greatly in
magnitude from the factor Aspze:z. it is a simple
matter of caleculation to show that this expression
is a minimum when

- s e

Ve=t,=T (6)

i. e, that the restivity of the material is greatest
at the depth at which the a curves and the b
curves of Fig. 15 lie at equal distances above and
below the Fermi level, respectively; and that,
furthermore, the resistivity departs rapidly from
this maximum value as the space polentisls Ve
and Vn depart from equality. If

v, <-}—%;_‘

the electron condustivity is greater than the hole

conduchivity, and the conductivity is N-type., If
F
V > ) , Qr V;, 2
tho hinla sonduetivity is orenter than the alectron
the hole gonductivity is greater thar ectron

conductivity, and the conductivity is P-type.

Fig. 16 is g three dimensional representation‘
of the conditions which the holes encounter in
the course of their travel in the layer from the
emitter to the collector—in the figure, parallel
with the ¥ axis, As in Fig. 15, the X axis repre-
sents depth measured into the semi-conductor
and the V axis which is drawn to an approximately
logarithmic scale, represents negative potential.
As the holes approach the coliector the peak of
the poteatial curve becomes less and less pro-
nounced 1mtil finally, at the collector, the region
of lowest potential, to which the holes flow, is the
collector itself, where they are withdrawn.

0Of that part of the emitter current which
crosses the barrier, a certain fraction cerosses it
again in the vieinity of the collector and is col-
lected. thus forming a part of the collector cur-
rent. The foregoing hypothesiz as to the mecha-
nism by which amplification is obtained applies
tp this fraction of the current as well as to the
fraction which proceeds entirely within the layer,

The collector current contains siill another
component, which consists of a flow of electrons
from the collector to the base electrode, crossing
the barrier once on its way. A hypothesis as fo
the manner in which this current component
talkes pari in the amplification process is as fol-
lows:

There is a potential hill at the confact point
bhetween the collector electrode and the surface
layer which coffers an impedance to the flow of
electrons from the electrode into the semicon-
ductor. In the absence of bias, the height of this
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hill, indicated by Ee in Figs. 13 and 15, is the
energy required to take an electron from the
metal and place it in the conduction band of the
semiconductor. When the collector is biasad in
the reverse direction, the efective height of the
hill, and so the impedance of the contact point,
are reduced by the electric field across the layer
and barrier which acts in such a direction as to
pull electrons from the electrode. The effect is to
increase the flow of electrons into the semicon-
ductor in & way which is slmilar to the cnhanee-
ment of current from a thermionic cathode by
field-indueced emission. When the smitter is con-
nected, and a current of holes flows to the collec-
tor, the accumulation of the positive charges of
these boles in the vicinity of the collector tends

fo make the notential fall more ranidly with denth
U0 MR RS L8 polential 1all inare raplaly Wil Qepin

into the material, and so resulis in an increase in
teld and a decrease in the effective height of
the hill, i. e, in the imp=dance of the coniact
point. Thus any increase in that component of
the collector current which originates at the emif-

ter ic accompanied by a

corregnonding inereage

COITR5OINAINE INCIrease

in the other compunent of the collector current,
namely, in the flow of electrous to the base elec-
trode. Hence the tofal change in collector cur-
rent may be greater than the change in the emit-
ter current.

Tram the foremping
LU VR BeRYLE

that if it is desired to employ a semiconductor
klock of which the main body is of P-type so that
the conductivity of the thin surface Iayer, whether
due to impurities or to space charge effects, is of

N-type, the polarities of all the bias sources of
Figg, 1,10 11 and 12 are to he raverged, Ttis also

oigs, L, LV, Ll ghngd 212 are 10 De reveresa 40 18 Q80

to be understood that the magnitudes of the
biases for best operation will depend on the semi-
cohductor material employed and on its heat
treatment and processing. Furthermore, it is
possible to use g P-type layer of one semiconduc-
tor material on an N-type body of some other

semiconductor material or vice versa. All such
variations are contemplated as heing within the
spirit of the invention.

The invention is not to ke construed as limited
fo the particular forms disclosed herein, since
these are to be regarded as illustrative rather
than restrictive.

What is claimed is;

1. A cireuit element which comprises a block
of semiconductive material of which the hody is
of one conductivity type and a thin surface layer
is of the ovposite eonduetivity type, an emi
electrode makme; contact with said layer, a col-
Iector elecirode making contact with said layer
disposed to collect ecurrent spreading from said
emitter electrode, and a base electrode making
contact with the hody of the block.

2. Apparatus as defined in claim 1 wherein the
surface layer is of the same chemical material
as the block.

3. Apparatus as defined in claim 1 wherein the
block is of germanium.

4. Apparatus as defined in claim 1
the block is of N-type germanium and the
layer is of P-type germaniuimn.

5, Apparatus as defined in claim 1 wherein
the block is of high back voltage germanium and
to at least a part of one surface of which an an-
odic oxidation treatment has been appiied.

6 A cirenit element which commises n semia

conductive supperting bedy, o thin surface layer
of semiconductor material supported by and in
electrical contact with said body and difering in
conductivity type therefrom, an emitter elec-

wherein
surface
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trode making contact with said layer, a collector
electrode in. confact with a different part of the
element from the part contacted by said emitter
electrode and disposed to collect current spread-
ing from said emitter elecirode, and a base elec-
{rode making contact with the body.

7. Apparatus as defined in claim 6 wherein the
area of contact of the emitter elecirode with the
semiconductor layer is large compared with the
layer thickness.

8. Apparatus as defined in claim 6 wherein the
emitter elecirode is a point contact,

9. Apparatus as defined in claim 6 wherein the
emitter electrode and the collector electrode are
point contacts.

10, Apparatus as defined in claim 6 wherein the
emitfer electrode and the collector electrode
make rectifier contact with the body by way of
the semiconductor layer,

11. Apparatus as defined in claim 6 wherein
the collector electrode is spaced from the emik-
ter electrode by a distance of the order of 1 to 2
mils.

12. Apparatus as defined in claim § wherein
the collector electrode is spaced from the emit-
ter eleetrode by a distance which is small com.
pared with the semiconducfor layer ares but
large compared with the layer thickness.

13, Apparafus as defined in claim 6 wherein
the semiconductive supporting body is separated
from the surface layer by a high resistance bar-
rier, and wherein the base electrode makes con-
tact with said body over a wide ares of 2 surface
thereol which is opposite to the surface bearing
the semiconductive layer.

14, Ih combinafion with apparatus as defined
in claim 6, means for blasing the emitter elec-
trode with respect to said semiconductive layer
in a sense to supply charges thereto of the sizn
for which the layer is conductive, and means for
biasing the collector electrode to collect charges
of the same siza.

15, ™n combinafion with apparatus as defined
in claim €, a work e¢ircuit Interconmecting the
collector electrode with the base electrode, and
connections for applying a signal voltage hbe-
tween the emiiter electrode and the base elec-
trode.

16, A circuit element which comprises a block
of semiconductor material characterized by
fixed charges of one side and having a thin sur-
face layer, separated from the main body of the
block by s high resistence barrier, characterized
by mobile charges of the same sign, a base elec-
trode in contact with said body, an emitter elec-
trode in contact with said layer, a potential
source connected to said base electrode and to
said emitter electrode to bias said emitter elec-
trode in a sense to supply mobile charges of
the same sign to 55id layer, a collector electrode
in contact ‘with said layer, and a potential source
connected to said base electrode and to said col-
lector electrode to bias said collector in a sense
to establish an electric field across seid layer
between said collector electrode and fizxed charges
in the body of said block.

17, A cireuit element which comprises a semi-
conductive hody, a thin surface Iayer of semicon-
ductive material separated from said body by a
high impedance conducting barrier, at least twa
electrodes, of which one is a sharp peint of con-
ductive material, in close-spaced contact with
sald surface layer, and a third electrode in con-
tact with said body.

18. A circnit element which comprises a hlogk

10

16

20

25

30

35

40

&0

55

60

65

70

18
of semiconductor material, an electrode making
low resistance contact with a part of the surface
of the block, a plurality of elecirodes making
rectifier contact with other parts of the surface

5. of the block, connections including said first-

named electrode for applying a forward direc-
tion hias to one of said rectifier contact elec-
trodes, and connections including said first-
named eleckrode for applying a reverse direction
bias to another of said rectifier contact electrodes.

i9. & circult element which comprises a block
of semiconductor material, an electrode making
low resistance contact with a part of the syr-
face of the block, a phurality of electrodes mak-
ing rectifier contact with other parts of the sur-
face of the block, connections including said
first-named electrode for applying a smaller for-
ward direction bias to one of said rectifier con-
tact electrodes, and connections including said
first-named electrode for applying a larger re-
verse direction bias to another of said rectifier
electrodes.

20. A circuit element which comprises a bloek
of semiconductor material, an electrode making
low resistance contact with a part of the surface
of the block, a plurality of electrodes making
rectifier contact with other parts of the surface
of the block and spaced apart by s dQistance
which is not greater than the smallest dimension
of the block, connections including said frst-
neamed electrode for applying a smaller forward
directivn bias to one of said rectifier contact
electrodes, and connections including said firsi-
named electrode for applying a larger reverse
direction bias to another of said rectifier con-
tact elecfrodes.

21. In combination, a block of semiconductive
materiel, a collector electrode making rectifier
contact therewith, a second electrode connected
1o said block, a eircult including a source of volt-
age and a load connected to said collector elec-
trode and to said second electrode, said source
being so poled as to draw reverse current from
the block through said contact, and another elec-
trode mgking rectifier contact with the block and
disposed to control the magnitude of the current
from the block through said firsi contact,

22, The combination recited In the preceding
claim in which said semiconductive material
comprises germanium.,

23. A translating device comprising a gemicon-
ductor, three elestrodes in confact therewith, a
hish impedance output circuit including two of
said electrodes and making a high-resistance re-
verse-rectifier contact therewith by way of one
of said two electrodes, and a low impedanhce in-
put cirenit including one of the first fwo elec-
trodes and the third electrode and making a low-
resistance forward-rectifier contact therewith by
way of the third of said electrodes.

24, A circuit element which comprises a block
of semiconductor material, an electrode making
low resistance contact with a part of the surface
of the block, an emitier electrode and a collector
electrode making rectifier contact with other
paris of the block, meens for biasing the emitter
electrode for conduction in the forward direction,
means for biasing the collector electrode for con-
duction in the reverse direction, connections for
applying a signal hetween the low resistance elec-
trode and the emitier electrode fo introduce a
eurrent of mobile charges into said block at low
impedance by way of sald emmitter electrode,
which charges are of signs opposite io the signs
of the mobhile charges normally present in excess
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in the semiconduetor material under equilibrium
conditions, conmnections for withdrawing said
charges from safd block at high impedanece by
way of said collector electrode, wheteby the volt-
age ACrosS ¢ald pollepkor electrode eontact cone-

tains & component which is an amplified version
of the stegnal voltage, said charges acting, by rea-
son of their accumulation in the block in the
vielnity of the collector electrode, to modify the
impedance of its contact to current flowing from
the low resistance contact electrode to the col-
lector electrode, whereby the current drawn from
the collector electrode containg a component
whi‘fh is an amplified version of the signal cur-
rent, .

25, A circuit element which comprises a block
of semiconductive material of which the body is
of one conductivity type while a thin surface
layver is of the opposite conductivity type, an
emitter electrode making contact with the sur-
face Ilayer, a collector electrode making contact
with the surface layer and disbosed to collect
currant spreading from the emitter electrode, a
hase electrode making contaect with the body of
the block, an Input circuit including a source con-
nected to the base electrode and to the emitter
electrode, respectively, and an output circuit in-
cluding a load connected fo the base electrode
ahd to the collector electrode, respectively.

26, A circuit element which combprises a block
of semicanductive material of which the body is
of one conductivity tyvpe while a thin surface
layer is of the opposite conductivity type, an
emitter electrode making contact with the sur-
face layer, & collector electrode making contact
with the surface laver and disposed to colleet
current spreading from the emitter electrode, a
base electrode making contact with the body of
the block, an input cireuit including a source
connected to the emitter eleetrode and to the
hase electrode, respectively, and an oubput cirenit
ineluding a load connected to the emitter elee-
trode and to the collector electrode, respectively,

27, A cireuit element which comprises a block
of semiconduoctive material of which the body is
of one conductivity type while a thin surface layer
is of the opposite conductivity type, an emitier
electrode making contact with the surface laver,
a collector electrode making contact with the sur-

face layer and disnosed to eollect current spread-

ing from the emitter electrode, a base electrode
making contact with the hody of the block, an
input cirewit including 2 souree conneeted to the
collector electrode and to the base elecirode, re~
spectively, end an cutput cireuit including a Joad
connected fo the eollector electrode and to the
emitter electrode, respectively.

28. A ftranslating device comprising a semi-
conductor, two rectifier contacts thereon, an-
other contact thereon, a source of input current
variations. a load, sources of bias voltage, a eir-
cuit extending between said other contact and
the first of said rectifier contacts including at
least said source of itiput current variations and
one of said bias sources poled for forward rec-
tifier current flow through said first rectifier con-
tact, and a circuit extending from the other rec-
tifier eontact through said load to one of the
two other mentioned contacts and including =
source of hias voltage voled for reverse rectifier
current flow through said other rectifier contact.

29, A iranslating device according to claim 28
in which said load is included bebween said other
rectifier contact and said other contact.

30. A translating deviee aceording to claim 28
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in which sald load is included hefween sald two
rectifier contacts.

31, A translating device according to claim 28
in which said load is included between said two
rectifier econtaects gnd in which the first-men-
tioned circuit is connected to said first of said
rectifier contacts independently of said load.

32. A translating device according to claim 28
in which said load is included in a cireuit portion
that is common to sald two mentloned cireuits,
one terminal of said lnad being connected to seid
first of said two rectifier contacts.

33. A cireuit element which comprises a block
of semiconductor material, an emifter electrode
meaking contact with the block, a region of the
body of the block immediately under the contact
and engaged by said emitter electrode being char-
acterized by an inversion of conductivity type, 2
collector electrode disposed in engagement with
the block o collect current flowing fio the block
by way of the emitter electrode, and a base elec~
trode meking contact with the body of the block
to vary the magnitude of said eurrent.

34, Apparatus as defined in ¢laim 33 wherein
said collector electrode makes reverse rectifler
contact with the block.

35. In combination with apparatus as defined
in claim 6, connections for feeding a current into
said body by way of said emifter electrode, con-
nectlons for withdrawing a current from said
body by way of said collector electrode, said cur-
rent being carried within said body from said
emitter eleetrode to said collector electrode by
carriers whose signs are opposite to the signs of
the mobile charges normally present in excess in
the material of the body under equilibrium con-
ditions, and conneetions for applying & signal to
be amplified between the emitler electrode and
the hase electrode, wherehy the current with-
drawn from the collector electrode contains a
component which is an amplified version of said
signal.

36. A circuit element as deflned in claim 6
wherein the semiconductive supporting body has
the form of a truncated pyramid and wherein the
surface layer covers the smellest face of the
pyramid.

37. A circult element as defined in claim 6
wherein the body has at least one face of sub-
stantial ares and whereln the thin surface layer
occupies a small part of said one face.

38. A cireuit element comprising a2 body of
semiconductive maferial, which material nor-
mally contains an excess of mobile charges of
one sign over mohile charges of the other sign,
u base electrode making low resistance contact
with said body, an emitter electrode making con-
tact with said body at a reglon spaced from said
base electrode, an input cireult connected between
satd base and emitter clectrodes and including a
source for biasing said emitter slectrode with said
other slegn, thereby to inject Info said bedy
charges of said ofther sign, an ouiput electrode
econneetion to said hedy, and an output circutt
connected between sald output electrode connec-
tion and one of sald emitter and base electrodes
and including a source for biasing said output
electrode connection with sald one sign, thereby
to withdraw from said@ hody a current of charges
of spid other sign introduced info said body
through said emitter electrode.

39. A signal translating device comprising a
body of semiconductive material, which materinl
normally containg an excess of mobile charges
of one sign over mobile charges of the other sign,
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collector and base connectiots to said body, &
source of {nput energy, means separate from sald
collector and base conhections snd including said
source for applying to a region of said body
spaced from said collector connection enersy to
establish in said region mobile eleciric charges of
sald other sign, and an output circuit connected
between said collector and base connections, said
output cirenit including means for applying to
sald collector connection a bias of the polarity
opposite to the sign of said established charges,
thereby to atfract to said collector conneetion
said established charges.

40. A circuit element comprising s body of
semiconductor matberial, one portion of which is
of one conductivity type and another portion of
which is of different conductivity type, an emitter
electrode engaging the first portion of the body,
a collector electrode engaging the body to col-
lect current flowing to the body by way of sald
emitter electrode, and » base electrode nroviding
g low-resistance connection fo said other por-
tion of the body to vary the magnitude of said
current,
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