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This invention relates to semiconductor signal
transiating devices and more particularly to such
deviees of the type known as transistors.

Transistors comprise,. in general, a hody of
sehiticonductive material and three connections,
designated the base, emitter and collector, there-
to. . In one class, of which the devices disclosed
in the application Serial No. 25,423, filed Junse 26,
1948, now Patent 2,569,347, .granted September
25, 1951 {0 W. Shockley and in Patent 2,502,488,
granted April 4, 1850 to W. Shockley are illustra-
tive, the collector includes a PN junction in the
gemiconductive hody. Comprehensive ciscus-~
sions of such junctidn transistors anppear in the

article by W. Shockley in the Bell System Tech- -

nical Journal, July 1949, page 435 and by W.
Shoekley et al. in the Physical Rev1ew volume 83,
page 151,

An important operating parameter for transis-

tors is the current multiplieation factor, whieh =

is commonly designated o and is defined as the
ratio of change in collector current to e¢hange in
emitter current for a constant collector voliage.
Mathematicelly,

E)I

EYa
Od

V += constant
e
1. being the collector current, Te the emiiter cuy-
rent and Ve the collector potential. The factor
« i5 dependent upon a number of efects and may
be expressed as

w=—

a==aify
where

g==the fraction of the injected current reaching

- the collector

v=the fraction of the emitier current carried by
injected carriers, and

ai=the instrinsic «, that is the ratio of change in
collector current per unit change in minority
carrier current arriving at the collector.

For & PN collector junction, the intrinsic factor,
ai, is the ratio of the change in tolal carrent
across the junetion per unit minority carrier ar-
1iving at the junction, the minority ecarriers he-
ing electroms when the collector- t.ermmal ds o0
the N-side of the junction and holes When the
collector terminal is on the P side of the junction.

The- theoretical mazimum. for the intrinsic
factor, a, for an idealized PN junction is unity.
This-is. g consequence of the assumption made
{or an idealized case thal the minority .carrier
density is very small compered to the majority
carrier density in the collector kody. The factor
8-is. dependent upon the thmkness ‘of ‘the zone
opposite that o which the collector termingl ap-
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pear 5, inasmueh as the diﬁusion of minority car-
riers buluugu that zone vduu.t::::, in ECTLEI‘aL iti-
versely, with the thickness. ¥For cmmpie in a
transistor wherein the semiconductor is of NEN
configuration, operation depends upon the dif-
fusion of electrons through the P zone or region
and the greater the thickness of this zone the

nlTm 3Tl Tanm
smaller will Be the number of electrons which

reach the collector junctions. It is possible to
desigh and construct NEN structures in which +8
differs from unity by two per cent or less by malk-~
ing the P layer thin and keeping lifetimes long.
Furthermore, the temperature coefficient of the
deviation is relatively small for reasons described
in the Physical Review, volume 83, page 158.

One general chjeet of this invention is to im-
prove the performance characteristics of transis-
tors ineluding PN iunction colleetors. More spe-
cifically, one objecs of this invention is to enable
the sitainment for & PN junchion collector of a
stable, intrinsic current multiplication faetor of
greater than unity.

In accordance with one feature of this inven-
tion, there is provided between the ccllector PN
junction in and the collector ferminal cn the
semiconductive body, a region or Zone of the
semiconductive material and of intrinsic con-
ductivity. Such zone results in the establish-
ment of a potential hook in the vicinity of the
junction whereby the ratio of hole and electron
currents at the junction is fixed at substantially
the mobility raiio for carriers in the intrinsic
zone or region. Thig Ieads to =& siable, imbrinsic
faotor, «, for the junction of

o=l

where b is the mobility ratio. This ratio is sub-
stantially independent of temperature.

The invention and the above noted and other
features thereof will be understcod more clearly
and fully from the following detailed desceription
with refererlce to the accompanymg drawing in
which:

TFig, 1 portrays an am‘ohﬂer itustrative of one
embodiment of this invention, - wherein the
transistor ineludes & junetion enutte1 and o junc-
tlon collector;

Fig. 2 is a diagram showmg the ralatwe BXCEES
donor and acceptor concentrations in the several
zones of the semlconductive 9181T181'111 of the
transistor shown in Fig, 15 -~

Fig. 315 a graph 111ustra.t1ng the potential en-
ergy for electrons in the several zones of the semi-
conductive element shown in Fig. 1; and
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Fig. 4 depicets a transistor having a point con-
tact emitter and a junetion collector, illustrative
of another embodiment of this invention.

In the drawing, for ease of identification and
understanding, the emitter, base and collector
terminals have heen desighated as E, B and C re-
spectively; also, the conductivity type of each
of the zones in the semiconductive body has been
indicated by appropriate characters, namely
N=N-type, P=P-type and I=intrinsic,

Referring now to the drawing, the signal trans-
lating device illustrated in Fig. 1 comprises a
semiconductive body 106, for example of ger-
manium, having therein an intermediate zone [}
of P-type contiguous with two N zones (2 and {3
g fDl’ﬂ‘.liug Jlinlcl.-ujﬂs Jg and Jo therewith, The
body includes also an intrinsic zone 14, Emitter,
base and collector terminals are provided on the
zones 12, 11 and (4 respectively.

The semiconductive hody may be fabricated in »

the manner disclesed in the application Serial No.

162184 Fled Tune 18 TORN AF M T Manl Rointss
L¥0,aws, OO « QX0 15, 1000 G1 . I, 4061, SLICAY,

in accordance with the method therein disclosed,
a geed of germanium is dipped into a molten mass

of germanium and withdrawn thersefrom at a rate »-

to draw some of the molfen material along there-
with. Concomitantly with the withdrawal step,
the impurity balance in the melt is altered to
effect 2 controlled variation in the conductivity
or inversion in the conductivity type of the melt
and, hence, of the withdrawn material. For ex-
ample, if the melt is of N-type initially, it may
be converted to P-type by adding an acceptor ma-
terial, sueh as gallium, thereto and then recon-

verted to N-type by adding a donor material, such .
as antimony therefo, whereby successive portions

of the crystal produced by withdrawal of the
seed will be N-type, P-type and N-type respec-
tively. To produce a body of the configuration
illustrated in PFig. 1, advantageously the melt
should ke initially of high purity germanium
wherein the donors and acceptors are substan-
tially inn effective palance so that the first with-
drawn portion will he of intrinsic material, to
provide the zone (4, Suitable initial meaterial
may have a resistivity of about 60 ohm centi-
By addition of appropriate Impurities
as mentioned above, successive portions of the
withdrawn material may provide zones, corre-
sponding to zones 3, {| and 2 in Big, 1, having
resistivities of say 10, 1 and 0.01 ohm centimeters
respectively. In a typical construction, the zones
I, 12, |2 and |4 may he, respectively, .05, 0.2, .05
and 0.3 centimeter thick. The relative difference
between donor (N4} and acceptor (Ng) cohcen-
trations for such a construction is depicted in
Fig. 2.

As shown in Fig. 1, the emitter junction Jx
is hiased in the forward direction by a source 18
connected in series with an input impedance §6;
the collector junction Jo is biased in the reverse
direetion by a source i1 in series with a load in-
dicated generally by the resistor (8. The emib-
ter hias may he of the erder of 0.1 volt and the
collector bias of the order of 1 volt.

In brief, in the operation of the deviee illus-
trated in Fig. 1, by virtue of the bias across the
junection Jg, electrons are injected across this
junetion into the P zone I}, pass through this
zone, across junction Jo and toward the collector
terminal ¢. The potential energy for elecirons
in the several regions or zones is as portraved in
Fig. 3. When current flows in the deviee, there
is established in the intrinsic region (4 a field
tending to drive electrons to the right, in Fig. 1,
and holes to the left. The ratio, in this zone or
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region, of the hole eurrent to the electron current
will he

L

b
where b is the mobility ratio of the two types of
carriers in the bulk of the material constituting
the zone 14, For germanium the ratio of elec-
tron meobility to hole mobility is about 2, If the

atirn ~Af haln +a pslastnnn oovnant dnes ol
Cld.lll!: LCIJIJJ.U UJ. ll.UJl- v bl\-hlll-\)l.* LULLLLIY UL iUy

obtain at the collector junction Je, holes or elec-
trons will accumulate at the potential hoolk, indi-
cated at H in Fig. 3, until the ratic noted is estab-
lished at the function. It can be shown, then,
that there results at the collector junction an in-
tringie multiplication factor of about

Olg:]."i-%‘-——-_

The factor b is substantially independent of tem~
perature. Hence the intrinsic o1 is very stable,

If is to be noted that a certain current in the
collector body (4 is requisite in order that « will
stabilize, For-small currents some cf the elec-
tron flow into the intrinsic zone 14 can gecur by
diffusion. If the velocity due to the current is
large in comparison to the diffusion velocity, «
will stabilize at the value indicated hereinabove.
However, if the current velocity is small in com-
parison to the diffusion veloeity then the current
multiplication factor will he of different values,
determinable In ways known in the art. Thus, it
will be appreciated that devices constructed in
accordance with this invention may be trans-
ferred from one state of stability tc ancther, each
state being characterized by a particular current
muitiplication factor, by control of the operating
current point.

Although in the device illustrated in Fig. 1 the

semiconductive body is of NPN configuration, the
invention may he embodied also in devices whera-
in the body is of PNP configuration. For such
devices the intrinsic current multiplication fae-
tor will be 1-}-b which is about 3. Also, it may be
embodied in devices, such as illustrated in Fig. 4,
employing a point contact 19 as an emitter in
place of the junction emitter Je as in Fig. 1. As
illustrated in Fig. 4, the emitter 19 bears against
the N rzone 120 and the intrinsic zone (4 is con-
tizuous with the P zone (4. Alternatively, the
emitter may bear against the P zone and the
zone |4 be contiguous with the N zone.

It should be noted that a given body of ger-
maniam may be intrinsic at one tcmperature snd
N-type or P-type at another. If the excess of
donors over acceptors is 7o and the eoncentra-
tion of eleetrons in an intrinsic speeimen is
n (T}, then there will be a temperature To &b
which Mi(To)=M.. If T increases above To, 7
increases rapidly and the ratio of elecirons to
heles, which is 14-{Mo/M:) approaches unity.
The resulting dependence of a1 upon T may be
used to make temperature sensitive devices, It
may also be used to determine the requirements
on the materials intended for operation in a pax-
B]CUI&I‘ LEIII]_J&}I ature range.

What is claimed is:

1. A signal translating device comprising a
hody of semiconductive material having a PN
junction therein, emitter and collector connec-
tions to said body on opposite sides of sald junc-
tion, and a base conhection to said body, said
body having therein between said junction and
said collector connection a zone of substantially
intrinsic conductivity.

2. A signal translating device in accordance
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with claim 1 wherein said emitter connection in-
cludes a second PN junction.

3. A signal translating device in accordance
with claim 1 wherein said emitter conmection in-
cludes a point contact bearing against said body.

4, A signal translating device in accordance
with claim 1 wherein said semiconductive ma~
terial is germanium.

5. A signal translating device comprising a
body of semiconductive material having therein
an intermediate zone of one conductivity type
between ahd contiguous with a pair of zones of
the opposite conductivity type and having also
a fourth zone of substantially intrinsic con-
ductivity contiguous with one of said pair of
zones, & base connection to said intermediate
zZone, an emitter connection to the other of said
pair of zones, and a collector connection to said
fourth zone.
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6. A signal transiating device comprising a
body of semiconductive material having therein
a P zone between and contiguous with a pair
of N zones, said body having also a zone cof sub-
stantially intrinsie conductivity contignons with
ong of sald N =ohes, and base, collector and
emitter terminals on said P zone, said intrinsic
zone and the other N zone respectively.

WILLIAM SHOCKIEY,
MORGAN SPARKS,
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