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3,094,634 
RADIOACTIVE BATTERIES 

Paul Rappaport, Princeton, NJ, assignor to Radio Cor 
poration of America, a corporation of Delaware 

Filed June 30, 1953, Ser. No. 365,207 
2 (Zlaims. (Cl. 310—3) 

This invention relates to improved means for convert 
ing the energy of nuclear radiations into useful electrical 
energy. Particularly the invention relates to irradiating 
a semiconductive device with nuclear emissions to pro 
vide useful electrical power which is ‘available at the out 
put terminals of the device. The electric power thus pro 
vided may be utilized to supply voltage and cur-rent to a 
load circuit. 
An object of the instant invention is to provide im 

proved means for utilizing the energy of nuclear radia 
tions. 
Another object of the invention is to provide improved 

means for converting the energy of nuclear radiations into 
useful electrical energy. 
Another ‘object of the invention is to provide improved 

means for converting the energy of either charged or 
nuetral high energy radiations into useful electrical en 
ergy. 1 

A further object of the invention is to provide improved 
voltage :and/ or current sources which employ radioactive 
isotopes. 
A further object of the invention is to provide more 

efficient means for converting the energy of nuclear re 
actions into electrical energy. 
A further ‘object of the invention is to provide an im 

proved radioactive “battery” having an extremely long 
life. 
A still further object of the invention is to provide an 

improved radioactive “battery” which employs semicon 
ductors. 
A still further object of the invention is to provide a 

radioactive “battery” which is especially suitable for 
powering transistor circuits. 
The foregoing objects and advantages are provided in 

accordance with the invention by disposing either a junc 
tion or a point-contact semi-conductor device in the path 
of radiations emitted by a radioactive source. The radia 
tions penetrate the device to liberate charge carriers 
therein (electrons and holes) which flow within the de 
vice to provide a potential at its output terminals. The 
output energy may be utilized to supply current to a 
load circuit. Various embodiments of the invention are 
disclosed in ‘which desired values of voltage and current 
may be achieved. 
The invention will be described in detail with refer 

ence to the accompanying drawing in which: 
‘FIGURE 1 is a schematic diagram ‘of a radioactive bat 

tery, according to the invention; 
FIGURE 2 is an energy level diagram which is helpful 

in describing the theory of operation of the device of 
FIGURE 1; 
FIGURE 3 is a schematic diagram of an embodiment of 

the invention in which a point-contact semiconductive de 
vice is employed; 
FIGURE 4 is a partially schematic view ‘of a radio 

active battery fabricated in accordance with the invention 
and having a plurality of semiconductive units connected 
in parallel ‘for supplying current to a load circuit; 
FEGURE 5 is a perspective view showing the manner in 

which ohmic connections may be made to the units of 
FIGURE 4; 

' FIGURE 6 is a view including a schematic circuit dia 
gram of a novel radioactive battery in which a plurality 
of junction-type semiconductive devices are connected in ‘ 

series; 
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2 
FIGURES 7 and 8 are partially schematic views of fur 

ther embodiments of the invention; and \ 
FIGURE 9 is a perspective view of a still further em 

bodiment of the invention in which a novel radioactive 
'battery employs a semiconductive device having a plu 
rality of “grown” junctions. 

Similar reference characters are applied to similar ele 
ments throughout the drawing. 

Referring to FIGURE 1, a novel radioactive “battery” 
includes a cold source 11 of high energy nuclear radia 
tions. The term “cold" is de?nitive of a radioactive 
source and is used herein in contradistinction to therm 
ionic. The sources 11 may comprise one or a combina 
tion of materials which emit charged particle radiations ' 
and/or neutral radiations. Such emitters may include, 
for example, polonium and uranium (both emitters of posi 
tively charged alpha particles), strontium90 or tritium 
(emitters of negatively charged beta particles), cobalt60 
(an emitter ‘of neutral gamma rays), and numerous other 
radioactive isotopes. 
The semiconductive device 13 to be irradiated com 

prises a p-n junction device either of the “grown” junc 
tion type or of the alloy type. A method of fabricating 
a grown type of junction having adjacent P and N regions 
as shown herein is disclosed in a copending application of 
G. K. Teal, Serial No. 168,184, ?led June 15, l950, now 
US Patent 2,727,840. If the device is of the alloy type 
it may be fabricated, for example, as described in co 
pending application Serial No. 294,741 ?led June 20, 
1952, assigned to the same 'assignee as the instant applica 
tion, now US. Patent 2,894,862. With n-type germanium 
chosen for one region of the device, the material alloyed 
therewith to provide ‘the adjacent p-type region may be 
indium, boron, or gallium. If p-type germanium or p 
type silicon is used for ‘one of the regions, the alloy 
material may be, for example, lead, antimony or gold 
antimony, respectively. Point-contact semiconductive de 
vices also may be utilized ‘as a part of the radioactive 
battery herein disclosed and claimed. 

It may be assumed that the area and thickness of the 
semi-conductor device 13 are sufficient to absorb sub 
stantially all the radiations emitted by the source 111. 
For example, with a strontium9O source a germanium de 
vice having a thickness of the order of ?fty mils is ade 
quate. The thickness of a similarly irradiated silicon 
device is of the order of a hundred mils. 
The junction device 13 is positioned in the path of 

the high energy radioactive emissions so that as much as 
possible of the incident radiations is absorbed in the junc 
tion region 15. The radiations emitted by the cold source 
11 interact with the valence bonds in the solid semi-con 
ductor device '13 (when a valence bond type of crystal 
as germanium or silicon is employed), causing charge 
carriers (electrons and holes) to be liberated within the 
solid. In the energy level diagram of FIGURE 2, the 
liberation of these charge carriers corresponds to raising 
electrons from the ?lled band 23 to the conduction band 
25 thereby leaving behind holes in the ?lled band. With 
the incoming radiation having a minimum quantum 
energy which is equal to or greater than the energy gap 
of the empty or forbidden region, both electrons and 
holes are produced within the solid device 13. These 
charge carriers are available to take part in a current 
conduction process. The energy gaps for germanium 
and silicon, for example, are of the order of 0.72 electron 
volt and 1.l2 electron volts, respectively. 
An electrostatic potential barrier exists in the junction 

region between the p and n sections of the device. Under 
the in?uence of this electrostatic potential the liberated 
charge carriers ?ow across the junction in one direction 
only. In the diagram electrons may be said to flow 
down the slope of curve 25 and holes flow up the slope 
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of curve 23. Substantially all the charge carriers which 
get into the junction region 15 may be expected to be 
collected and contribute to the terminal voltage and the 
output current of the device. Some of these carriers are 
produced in the junction region. Other charge carriers 
are produced outside the junction region 15 and initially 
are subjected to no electrostatic potential. However, if 
these carriers have sufiiciently great lifetimes and diffusion 
lengths and do not recombine with oppositely charged 
carriers, they also enter the junction region (solely by the 
diifusion process) and enhance the output current. The 
output current ?ows through the load circuit 21. The 
circuit 21 may be connected to the irradiated semi-\ 
conductive device 13 by ohmic connections 17 and 19, for 
example, solder, which provides contact to the p and n 
sections of the device, respectively. 
The radioactive emitter material may be coated on one 

or more surfaces of the semi-conductor device to provide 
physical support for the emitter and to insure most 
e?icient use of the emission. 
The following table comprises pertinent data for the 

radioactive battery of FIG. 1 when a 50‘ millicurie stron 
tium9° emission source is employed. 

Germanium Silicon 

vmnx (Open Circuit Voltage) ____ __millivolts_- 30 200 
I, (Short Circuit Current) ______ __microamps__ 4O 10 
m (Current Multiplication Factor) _________ _- 1.25><105 3x104 
1? (Pwr.-Max. Transfer)-__ microwatts__ 0.3 1.0 
Z (Internal Impedance)____ ______ “ohms” 200 10, 000 

In the above table, 

Is=eRL=mIBI 
where e is the charge of an electron, R is the rate of 
generation of charge carriers, L is the carrier diffusion 
length, m is a current multiplication factor, and IB is the 
equivalent current of the radioactive source 11. 

KT 1,, 
Vmax-— e 111 

where In is the junction reverse saturation current, T is 
absolute temperature in degrees Kelvin, and K is Boltz 
mann’s constant. 
The structure hereinbefore described affords a primary 

source of electrical energy which has numerous advan 
tages. The battery size may be extremely small, of the 
order of 1a fraction of a cubic centimeter. The unit is a 
selg contained primary source in the sense that the elec 
trical energy available at its output terminals is derived 
solely from the energy of radioactive emissions. No 
thermionic cathodes or external electrical inputs are 
required. The “battery” is rugged from a physical stand 
point and is not a?iected by vibration or mechanical shock. 
The nuclear-lto-electrical energy conversion efficiency is 
quite good as is evidenced by typical current multiplication 
factors listed in the above table. The battery impedance 
is appreciably lower than presently known primary 
radioactive energy sources and is particularly adapted for 
powering transistor and other circuits which require low 
voltages and currents. Additionally, the useful life of 
the energy source is extremely long. For example, if 
cobalt60 is used the source may last for more than ?ve 
years while if the battery employs strontium90 it may last 
as long as twenty-?ve years. 
FIGURE 3 shows an embodiment of the invention in 

which a point-contact semi-conductor device 24 rather 
than a junction rtype semi-conductor device is employed. 
The theory of operation is much the same as described 
above. The incoming nuclear emissions create charge 
carriers in the semi-conductive portion 26 of the device. 
The charge carriers created in the junction region sur 
rounding the point-contact electrode 27 (and charge car 
riers which di?use into this region) ?ow undirectionaliy 
across the junction under the in?uence of an electrostatic 

4. 
potential barrier. This conduction process results in a 
voltage being developed at the output terminals of the 
device which is used to produce a current for a load 
circuit 21. 
FIGURE 4 shows another embodiment of the inven 

tion wherein a plurality of parallel-connected junction 
type semi-conductor devices 13 are employed. Each 

. semiconductive device is “energized” by emissions from 
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the radioactive source 11 and provides a portion of the 
output current of the device. Spacers 29 such as poly 
styrene or mica separate adjacent semiconductive units 
and prevent them from effectively short-circuiting each 

. other. [if germanium units are stacked in the manner de 
scribed above and a strontium9U emission source is used, 
three or four junction units each having thicknesses from 
ten to ?fteen mils are sufficient to almost completely 
absorb the radiations. ‘If silicon units are used, the 
order of six units absorb the incident radiations. How 
ever, a greater number of thinner units may be used if 
desired. One advantage of the arrangement of FIG. 4 
is that the high energy radiations penetrate the units in a 
direction transverse with respect to the junction region. 
Since some charge carriers are produced outside the junc 
tion region, and the units are thin, these carriers have 
shorter distances through which to travel to get into the 
junction region. This reduces the number of recombina 
tions of electrons and holes which may occur and enhance 
the output current. This particular arrangement is de 

‘ sirable when using semiconductive materials in which the 
charge carriers have short diffusion lengths. 
FIGURE 5 shows a convenient means by which the 

‘ohmic connections 17 and 1-9 of FIGURE 4 may be 
made. A pair of tabs ‘17 and 19 is a?ixed to each of the 
‘spaced semiconductive units by any desired means such 
as a low melting point solder. One of the tabs 17 is 
connected to the p-type conductivity material while the 
other tab 19 is connected to the n-type conductivity mate 
rial. The tabs 17 and 19‘ may be, for example, nickel 
and may be connected to the p and 11 type materials at 
any convenient portion of their surfaces. 
FIGURE 6 shows another embodiment of the inven 

tion which is useful for producing higher voltages than 
those produced in the embodiments heretofore described. 
In the arrangement illustrated in ‘FIGURE 6 the semi 
conductive units 1'3 ‘are of the alloy type. As a typical 
example the body portion 31 of the device 13 may be 
n-type germanium and the p-type portion is the junction 
region shown ‘by the dashed lines between the body por 
tion ‘31 and a pellet of indium 33. However, other 
materials and other types of semiconductive devices such 
as those mentioned previously (i.e., grown junction and 
point-contact devices) ‘also may be used. The semicon 
ductive units 1'3 are stacked so that the incident nuclear 
radiation from the source 11 successively penetrates the 
units. The units are arranged so that the p-type pellet 
material of ‘one semiconductive unit physically is butted 
against and contacts the n-type material of the next adja 
cent unit. 
By so arranging the materials, ohmic contact is pro 

vided between adjacent units and the total output voltage 
of the “battery” is the sum of the voltages of the indi 
vidual units. Electrical connection may ‘be made to the 
stacked array for connecting the array to a load circuit 
21 by a nickel tab 18 connected to the germanium mate 
rial and a conductive lead 35 which makes contact with 
the indium pellet. The thickness and number of units 
which may be stacked is governed by substantially the 
same factors mentioned with respect to the structure of 
FIGURES 4 and 5 and also the terminal voltage desired 
\from the stacked array. These factors include the 
energy and type of nuclear radiations emitted, the geom 
etry cf the semiconductive :units, and the type of mate 
rials from which the units are fabricated. 

In FIGURE 7 the radioactive source '11 is disposed 
between a pair of alloy type semiconductive units which 
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are arranged in a back-to-back relation. The high 
energy radiations create charge carriers in each unit 
which flow across their rescpective junctions to provide 
a voltage at the output terminals of each unit. Ohmic 
connection between the n-region 31 of one unit and the 
n region 131 of the other unit is afforded via the radio 
active emitter material 11 which preferably is supported 
by a conductive support member. The radioactive emit 
ter is connected to one terminal of the load circuit 21. 
The pellets 33 which yield p-type conductivity to the 
body portion ‘31 ‘of each unit are connected together and 
to the other terminal of the load circuit. The thickness 
of each unit 13 preferably is equivalent to the range of 
the radioactive emissions in the material. Advantages 
of the above described embodiments are an increase in 

' output current by a factor of two', and more ef?cient uti 
lization of the emissions produced by the cold source 11. 
FIGURE ‘8 shows a further embodiment of the inven 

tion wherein the semiconductive unit 13‘ comprises an 
alloy type junction device having a body portion 31 into 
which two impurity pellets initially are alloyed and dif 
fused. Electrostatic potential barriers 44 result from the 
alloying process and ‘are created between the portion 31 
and the pellets ‘33. If the body portion 31 is n-type 
germanium the impurity pellets diffused therein may be 
indium or one of the other materials heretofore men 
tioned. The impurity pellet which is alloyed and dif 
fused into the portion of the semiconductive body which 
is to be spaced from but nearest the cold source ‘11 is 
then removed from the body portion 31. When the de 
vice thus fabricated is irradiated by the source 11, charge 
carriers flow in the direction of each electrostatic poten 
tial barrier. The fact that two barriers are provided is 
important since the number of recombinations of elec 
trons and holes which tend to occur is reduced by a 
factor of the order of two. Since the recombinations 
are reduced, the output current supplied to the load cir 
cuit 21 increases by a corresponding amount. The pur 
pose in removing the one impurity pellet ‘adjacent the 
cold source 11 is for the purpose of eliminating material 
which would absorb the radioactive emissions without 
contributing to the output of the unit. 
FIGURE 9 shows a still further embodiment of the 

invention in which a plurality of semiconductive devices 
37 of the grown junction type 1are employed. Each de 
vice comprises a suitably shaped ingot or ?lament in 
which p- and n-type conductivity regions occur alter 
nately. The device 37 may be fabricated according to 
several methods. One of these methods is disclosed in 
copending vapplication Serial No. 168,184, now US. Pat 
ent 2,727,840, cited previously. Brie?y this method in 
volves dipping a seed of germanium into a molten mass 
of germanium. The seed is withdrawn from the molten 
mass at a rate su?icient to draw some of the molten mass 
therewith. As the seed is withdrawn the impurity bal 
ance in the melt is altered to effect a controlled variation 
in the conductivity, or an inversion in the conductivity, 

15 

20 

30 

40 

45 

50 

55 

6 
of the melt and of the Withdrawn material. For exam 
ple, if the melt is n-type initially, it may be converted 
to p-type by adding an acceptor material such as gallium. 
Reconversion to n-type is attainable by adding a donor 
material such as antimony. 
The devices 37 each are similar to the series connected 

device shown in FIGURE 6 and ‘are placed relatively 
close together. Interspersed between the units 37 is the 
radioactive emission material 11. Since the emitter 11 
has a low ohmic resistance, insulating members 39 are 
disposed between the emitter 111 and the devices 37. In 
the present example the units are connected in parallel 
for supplying current at higher voltages to a load 21. 
However, if even higher voltages are desired it will be 
appreciated that the units may be connected in series with 
each other. Voltages of the order ‘of 100,,volts may be 7 
realized in this manner. 

With the arrangement of FIGURE 9 (i.e., a plurality 
of grown junctions) it is essential that alternate junctions 
be made to have low ohmic resistance. Thus junctions 
41 and 43 are destroyed by some such means as sand 
blasting or copper plating. If the junctions are not 
treated in this manner the current ?owing across a given 
junction is {approximately equal to and ?ows in a direction 
opposite to that of an adjacent junction. The net cur 
rent produced by each unit 37 then would be almost zero. 
What is claimed is: 
11. A primary source of electrical energy comprising, 

a pair of semiconductive devices, each with a junction 
and regions of di?erent conductivity on opposite sides 
of the junction, said devices being arranged with regions 
of the same conductivity adjacent each other, a cold 
source of high energy nuclear emissions positioned be 
tween said adjacent regions, and connection means cou 
pled to said devices for deriving a load current. 

2. A primary source of energy as claimed in claim 1 
wherein said emission source is in contact with said adja 
cent regions and said devices are connected in parallel. 
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