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The present invention relates to an improve 
ment in alloys of germanium, and more particul 
larly to rectifiers of electricity, which offer low re 
sistance to current flow in one direction there 
through and high resistance to current flow in 
the opposite direction, made of such alloys. 

In the detailed description of our invention 
following hereinafter, it will be observed that 
several of the elements which may be combined 
with germanium are not metals so that the re 
sultant materials are not alloys in the common 
meaning of the word. However, for purposes 
of the present disclosure, it is to be understood 
that the Word "alloy of germanium' as used 
herein, means to include a union of two or more 
elements, one of which is germanium, and the 
other or others being metals, non-metals, or gases, 
and the combination of which exhibits electrical 
properties such as are found in metals and semi 
conductors. 
The known contact rectifiers, i. e., rectifiers 

comprising suitable metal electrodes, and a semi 
conductor have at least one of the following dis 
advantages: 

1. Inability to withstand in continuous use volt 
ages in the back or high resistance direction 
greater than about 10 volts without permanent 
injury to the rectifier. ?? . . . . . .?“ 

2. Inability to pass sufficient current in the 
forward direction for satisfactory operation of as 
sociated apparatus. 
3. Low back resistance prohibiting use of the 

cuits over about 100,000 ohms. , 
4. Seriously decreased efficiency in rectifying. 

at frequencies greater than about 1 to 
cycles. : ; 

5. Capacity too high to allow efficient operation 
at frequencies greater than about 5 megacycles. 
Due to the aforesaid deficiencies of these known 
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rectifier in high impedance, circuits, that is, cir 
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2. 
contact rectifiers, the art turned to widespread 
use of vacuum tube diodes for rectifying alternat 
ing currents. However, vacuum tube diodes, 
While overcoming certain of the aforementioned 
disadvantages of the known contact rectifiers, in 
turn have the following disadvantages: 

1. Inter-electrode capacities which are seriously 
objectionable at high frequencies. 

2. Low forward direction conductance. 
3. Requirement of power for heating a cathode. 
4. Require a large amount of space as com 

pared to a contact rectifier. 
The germanium alloys of our present inven 

tion may be used as the semi-conductors for rec 
tifiers of the contact type, which, according to 
One embodiment of our invention, possess the 
following general advantages over known con 
tact rectifiers: 

1. Ability to withstand continuous operating 
voltages greater than 10 volts in the back direc 
tion, and some of which are capable of with 
standing voltages in the back direction of an or 
der approaching 200 volts. 

2. Low forward resistances, for example, 30 to 
100 ohms at one volt. 

3. High back resistances, at about 4 volts rang 
ing from about 10,000 ohms to several megohms. 

4. May be used with frequencies up to 60 mega 
cycles and will still rectify at 3,000 megacycles. 

5. Provide rectifiers of low capacity of about 
0,5 micrOmicrofarad. 

6. Less than 50% decrease in peak back volt 
age when ambient temperature increases from 
23° C. to 75° C. 

7. Do not require power for heating a cathode; 
and 

8. Do not require more space. than about that 
needed for a common One-half watt carbon re 

40 
sistor. 
The germanium alloys herein disclosed are all 
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of the class of N-type semi-conductors, i. e., 
semi-conductors which when made into contact 
type rectifiers present a high resistance to cur 
rent flow across the rectifying contact when the 
semi-conductor is positive and the contacting 
metal electrode or whisker is negative, and a 
lower resistance when the potential is reversed. 
The various germanium alloys of our inven 

tion will be described and compared according 
to the properties they exhibit when made into 
contact type rectifiers. Specific electrical prop 
erties hereafter referred to are: 
Peak back voltage-The voltage-current char 

acteristics measured on rectifiers using the alloys 
of our invention show a voltage peak in the back 
or high resistance direction. This peak gener 
ally occurs within a range greater than 10 volts 
and approaching the order of 200 volts. It will 
also appear that all of these rectifiers using alloys 
of our invention exhibit a negative resistance 
region in the back direction for currents exceed 
ing the current at the peak back voltage. 

Back resistance-In the back or high resist 
ance direction these rectifiers have resistances 
ranging from the order of 10,000 ohms to several 
megohms as measured at about 5 volts. High 
resistances are substantially maintained nearly 
to the peak back voltage. 
Forward conductance.-The currents passed at 

one volt in the forward or low resistance direc 
tion for these rectifiers generally lie within the 
range between 5 milliamperes and 40 millian 
peres. Actually, somewhat higher currents may 
be permitted to pass in the forward direction 
without impairment of the rectifying contact. As 
will be described later herein, currents greater 
than 100 milliamperes are sometimes deliberately 
passed momentarily in the forward direction to 
produce improvement in certain contact charact 
teristics. ? 

The N-type semi-conductors of our invention 
comprise germanium having small amounts of 
one of the following elements or certain com 
binations thereof alloyed therewith: 
Copper and silver of Column I of the periodic 

table; 
Magnesium, calcium, zinc, strontium, cadmi 

um, or barium of , Column III of the periodic 
table; Titanium, tin, or lead, of Column IV of the 
periodic table; - 

Nitrogen, vanadium, columbium, tantalun, or 
bismuth of Column V of the periodic table; 
Chromium or uranium of Column VI of the 

periodic table. - 

O 
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4. 
art with the manner of making alloys in ae 
cordance with our invention, and the utilization 
thereof as rectifiers of electricity, we shall de 
Scribe in connection with the accompanying 
drawings and the tables following hereafter cer 
tain of the processes used in making the alloys 
which lie within our invention. 
In the drawings: 
Figure 1 shows the voltage-current character 

istic curves of several rectifiers using certain of 
the alloys Of Our invention, which curves are not 
to be taken as typical of given alloys but merely 
to represent the type of characteristic exhibited 
by such alloys in general. 

Figure 2 is a graph illustrating the electrical 
characteristics of rectifiers using different types 
of surfaces on one alloy of our invention. 

Figure 3 is a sectional view of a rectifier, the 
, seni-conductor of which comprises an alloy of 
our presentiavention. 

Each alloy represented by the curves of Fig 
ure 1 is designated by a code number. The latter 
part of each code denotes the amount in atomic 
percent of the particular element or elements 
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Cobalt, nickel, or palladium of Column VIII 
of the periodic table. 

N-type semi-conductors of germanium may 
also be formed by alloying small amounts of, for 
example, phosphorous, arsenic, or antimony with 
germanium, but in rectifiers using such semi 
conductors it has been found that excessive 
currents pass at voltages greater than about 3 
to 10 volts in the back direction which perma 
nently injure the rectifying contact. It will be 
understood therefore that our present invention 
only relates to semi-conductors of the N-type 
which exhibit high back voltage characteristics 
in excess of at least 10 volts, and does not con 
cern all N-type semi-conductors consisting of an 
alloy of germanium, as for example, the group 
last referred to. 
Other features and advantages of our inven 

tion will appear from the detail description. 
Now, is order to acquaint those skilled in the 

70 

s 

added to germanium to produce that alloy. No 
atomic percentage figures for the addition of 
nitrogen to germanium are given since it is diffi 
cult to determine accurately the amount or num 
ber of nitrogen atoms alloyed with the ger 
manium. 
In the following Table I there are set forth 

minimum, average, and maximum values of peak 
back voltage and forward current obtained on 
rectifying contacts using certain germanium al 
loys which we have made in accordance with the 
general procedure to be described later. The 
amount of the added element alloyed with ger 
manium is set forth for each melt in atomic per 
cent, i. e., the proportionate number of atoms 
in percent of the elements added to the total 
number of the atoms of germanium and added 
elements present. For purposes of adequately 
setting forth and claiming our invention, these 
additions to germanium are to be understood as 
being included in the term "Group A' used here 
inafter. Substantially all melts in which the 
addition consisted of a single element made to 
date in accordance With our invention are con 
tained in Table II. It will be observed from that 
table that a large number of melts with certain 
added elements were prepared and it will be un 
derstood that the results given are the average 
results of all of the melts in each instance. It 
is to be understood, however, that the spread or 
range of values given in connection with each 
of the elements added to germanium might not 
be true for any particular melt of such addi 
tion agent. Characteristics for rectifying con 
tacts on any given alloy will lie somewhere with 
in the range given. Further, all points on any 
given alloy listed in Table I and Table II, referred 
to hereinafter, will not exhibit the same electri 
cal characteristics. Points may be found on each 
Of the alloys disclosed at which the peak back 
voltages, back resistances, or forward currents 
lie in the lower regions of the ranges given above 
for these values. Also on the same surface of 
each alloy other points of contact may usually 
be found with electrical characteristics which lie, 
toward the upper limit of the ranges above set 
out. However, as will later be discussed in more 
detail, SOme of the alloys are of greater uniforn 
ity than others with respect to rectification char 
acteristics. . . . . . " 
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700 C. Six grams of pure germanium powder so 
obtained were then placed in a porcelain crucible 
together with small flakes of pure tin amount 
ing to 25 milligrams or about 0.8 atomic percent 
of tin. 5 
The crucible and contents were then placed in 

side a graphite cylinder used as a heater in the 
high frequency field of an induction furnace, and 
lowered in a vertical quartz tube which was then 
evacuated and maintained at a pressure of about 10 
10 mm. mercury. Power was then applied to 
the external coil of the induction furnace to melt 
the germanium and hold it molten for about 5 
minutes. The melt was then allowed to cool by 
merely turning off the power to the coil. There- 15 
after Wafers were cut from the alloy, and were 
soldered with soft-Solder to a suitable metal elec. 
trode to produce a very low resistance non-recti 
fying contact with one face of the wafer. The ex 
posed face was then ground with 600 mesh alu- 20 
mina and etched for 2 minutes with an etching 
solution consisting essentially of HNO3, HF, 
Cu(NO3)2 and water in proportions to be later 
described herein. These Wafers Were then assem 
bled in suitable cartridges each provided with a 25 
conventional metal electrode or whisker which 
was used to contact the alloy surface. Across the 
rectifying contact thus produced we obtain the 
electrical characteristics described above. 
As mentioned in the above specific example, 30 

the surfaces of these alloys are usually ground 
flat and then etched in a manner to be described 
in detail. However, as hereinafter related, the 
etching of the alloy surfaces is not essential since, 
for example, by breaking open a melt, points may 35 
be found which exhibit the aforementioned elec 
trical rectifying characteristics. Such broken 
surfaces present geometrically irregular faces 
which introduce some difficulty in assembly of 
the rectifiers. Thus, grinding the alloy surface 40 
flat and etching it appears to be the most feasible 
manner of producing the rectifiers in the con 
mercial practicing of our invention. 
From the above Table I it will be observed that 

the majority of experimental work conducted in 45 
the development of our invention has been with 
the alloy germanium-tin. In connection with 
our experimental work with tin it has been found 
that above 0.1 atomic percent of tin content, 
the amount of tin added is not critical. Ger- 50 
manium containing above about 0.1 percent tin 
usually shows tin separated out, both at internal 
grain boundaries and on the outer surfaces. In 
some melts containing tin in excess of 0.1 atomic 
percent, ductile layers of this tin-rich material 55 
were frequently observed, particularly in the 
lower regions of the melt. In this connection 
we wish to observe that in making the ger 
manium-tin alloys it is desirable in producing 
the melt that the boat or crucible in which the so 
elements are contained be gradually removed 
from the hot furnace region. This will produce 
more uniform alloys, particularly if the melt is 
so removed that the top region of the melt is 
the last part to cool. It appears that germanium 65 
becomes saturated at about 0.1 percent tin under 
the melting and cooling conditions used. How 
ever, in our experimental work larger amounts 
of tin were added in order to observe if such 
solubility depended upon the amount of tin avail- 70 
able; more tin merely segregated. At 17 atomic 
percent addition of tin, the entire melt was inter 
laced with tin-rich veins which had metallic 
low resistance ohmic conductivity. 
with bismuth additions it is difficult to control 75 

8 
the amount of bismuth actually remaining in 
the germanium during the melting cycle. A con 
siderable fraction of the bismuth volatilizes so 
that quantities added have little relation to the 
quantities actually remaining in the melt. How 
ever, the results indicated in Table I in connec 
tion with bismuth were obtained by the addition 
of bismuth to the extent there indicated. 

After the melts have been made as above de 
Scribed they are suitable for use as rectifiers of 
electricity by simply making contact with the 
Surfaces of such alloys with suitable electrodes 
or whiskers. In most of our experimental work 

. a, 5 mil tungsten whisker sharpened electrolyti 
cally with a tip diameter of less than 0.1 mill was 
used as one electrode or whisker, the other elec 
trical contact usually being made by Soldering 
the alloy to a suitable conductor. However, 
tests have shown that the peak back voltages of 
rectifiers made from the alloys of our invention 
are little affected by the metal of which the 
whisker is made. Whiskers made of the follow. 
ing metals have been tried and only very slight 
deviations were noted over a large number of 
points of contact with the alloys of our invention: 
Mn, Pt, Ta, Ni, Fe, Zn, Mo, W, Au, Cu, Ag, Zr, 
Pt-Ir, and Pt-Ru. It appears therefore that 
choice of a whisker material may be determined 
on the basis of requirements other than the peak 
back voltage on rectifiers using the alloys. These 
electrodes or whiskers may have contact with 
the surfaces of the alloys as formed upon solidi 
fication, or on surfaces exposed by breaking the 
melt. As mentioned above, however, it is de 
sirable to grind and etch the surface. Thus in 
One method of producing rectifiers using the 
alloys of our invention, the melts, which usually 
were of pellet form 5 to 10 millimeters thick, may 
be cut into thin plates or slabs and a surface 
thereof ground with a suitable abrasive such as 
600 mesh alumina (Al2O3). The abrasive used 
is not critical in that it has been found that 
other abrasives such as Cr2A3, MgO, VazO3, SnO2, 
ZnO and 4-0 paper are equally satisfactory. This 
may then be followed by a further grinding step 
with fine emery paper although this grinding 
step may be eliminated, if desired, without Sub 
stantially altering the final product. The surface 
of the plate or slab is then etched with a suitable 
etching solution which in one modification of our 
invention has the following approximate com 
position: 

4 parts by volume hydrofluoric acid (48% re 
agent) 

4 parts by volume distilled water 
2 parts by volume concentrated nitric acid 
200 milligrams Cu(NO3)2 to each 10 cc. of solu 

tion. 

Such a solution will satisfactorily etch the sur 
face of the plates or slabs in about 1 to 2 minutes 
at room temperature and may be applied with 
either a Swab or by immersing the surface in the 
Solution. This etching is not particularly criti 
cal but care should be taken not to unduly extend 
the etching since then a high polish is produced 
which may impair the performance of the alloy. 
We have also found that other types of etches 

may be used effectively on the germanium alloys 
of our invention in addition to the etching above 
described. Modified etching solutions and pro 
cedures are as follows: 
A Solution consisting approximately of 1 gram 

Stannyl chloride in 50 cc. of H2O may be used as 
an electrolytic bath for etching the alloy sur 
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TAB. V. 

Forward Current at 
One Wolt, milliam Peak Back Voltage, 

Wolts Alloy peres 

???. 

Gle-Sn. 25 75 50 2 15 30 
Ge-Na---- 20 80 160 7 O 25 
Ge-Ca 25 75 50 5 5 25 
Ge-Sr. 25 75. 150 5 10 25 
Ge-Ni. 20 60 90 7 5 30 
Ge-Zn 25 50 100.5 12 20 
Ge-Pb 25 70 135 5 25 
Ge-Pd 30 65 O 5 5 25 
Gie-Mg- 10 60 100 2 O 20 
Ge-C 20 50 05 5 2 5 

20 13 7 125 50 5 ????B8?Ge 
Ge-Bi-...- s 40 100 0. 15 30 
Ge-Ag- 25 40 80 7 10 20 
Ge-T- 10 30 70 3 7 5 
Ge-Co. 20 30 3?? 10 15 20 
GeTa--------- 20 40 70 3 15 30 
Ge-Cu- 15 40 75 5 40. 

40 5 5 40 25 s -??Ge-Cb 
Gie-W. 10 25 ... 5 0 25 40 
Ge-O- 20 25 . 50 2 5 20 
Cie“Cr---------- s 15 25. 5 5 25 

It will appear from the above table that the 
ranges of values for the better alloys appear to be 
quite similar. Differences enter in the manner 
in which the values, within the ranges indicated, 
are concentrated. For example, the nitrogen al 
loys can usually be expected to have 70 to 90 per 
cent of back peak voltages over 60 volts. Values 
on tin melts are more uniformly spread within the 
range of the limits given above. For the tin melts 
approximately 50% of the points on the Surfaces 
thereof will have voltages above 60 volts. It ap 
pears that the pure germanium alloyed with tin 
or melted in an atmosphere of nitrogen repre 
sents the most advantageous alloy. Following 
them, alloys of pure germanium with calcium, 
strontium or nickel appear to be in order. It is 
to be understood, however, that one skilled in 
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We claim: - 
1. An electrical device comprising a semi-con 

ductor, a counter electrode having substantially 
point contact with said semi-conductor and a 
second electrode having an area of contact with 
said semi-conductor which is large compared to 
that of the counter electrode, said semi-conduc 

5 

20 

25 

30 

35 

40 

the art working within the range of the alloys 
herein disclosed will readily be able to produce al 
loys having high back voltage and resistance 
characteristics and good forward conductances. 
In Figure 3 of the drawings we have shown one 

type of rectifier in which our invention may be 
embodied. In the form of the device there shown 
a wafer 5 which may be of any of the germanium 
alloys above disclosed is mounted to have a low 
resistance non-rectifying contact with a metal 
electrode member 6. An electrode or whisker is 
connected at one end to an electrode supporting 
member 8 with the end of the whisker in contact 
with the surface of the germanium alloy wafer 5. 
The standard 9 provides for mounting of the 
members supporting the wafer 5 and electrode or 
whisker 7 in insulated relation. The rectifier 
Contemplated by our invention may be of various 
forms, the only critical constructional feature 
being that the germanium alloy wafer comprising 
the semi-conductor, and the whisker for con 
tacting the surface of the wafer being arranged 
and supported so that one end of the whisker en 
gages the Semi-Conductor Surface. It is under 
stood that suitable leads are connected to the 
wafer. or semi-conductor and to the whisker or 
metal electrode so that the device may have ap 
plication in any desired circuit for use in the 
rectification of current. 
While we have disclosed what we consider to be 

the preferred embodiments of our invention, it 
will be understood that various modifications may 
be made therein without departing from the spirit 
and scope of our invention. 

45 

50 

55 

60 

65 

tor consisting of germanium of the order of 99% 
purity in combination with at least one of the 
elements from the class consisting of lead, tin, 
and titanium, and said device having a peak back 
voltage in the range in excess of 10 volts and ap 
proaching the Order of 200 volts. 

2. An electrical device comprising an alloy 
formed of a mixture of germanium having a pur 
ity of the order of 99% and tin in an amount of 
the order of .05 atomic percent, and a pair of 
electrode elements in contact with said formed 
alloy, one of Said electrode elements having sub 
stantially point contact with the said semi-con 
ductor and the second of said electrodes having 
an area of contact which is large compared to 
that of the point contact electrode. 

3. The method of making an electrical device 
which comprises mixing germanium having a 
purity of the order of 99% with at least one of 
the elements from the class consisting of lead, 
tin, and titanium, applying heat to the mixture 
to reduce the mixture to a fluid state, maintain 
ing the heat for a time period sufficiently long to 
permit mixing of the selected constituents, remov 
ing the heat to permit solidification of the mix 
ture, cutting from the ingot formed upon mass 
solidification wafers to which contact electrodes 
may be applied, and then applying said contact 
electrodes to said wafers. 

4. The method claimed in claim 3 comprising 
the additional steps of grinding the Severed wafer 
and then etching the ground surface to provide 
optimum contact points for contacting electrode 
members. 

5. The method claimed in claim 3 comprising 
in addition the step of etching a surface of the 
semi-conductor wafer which is cut from the ingot. 

6. The method of claim 3 comprising the addi 
tional step of etching a surface of the Semi-con 
ductor wafer cut from the ingot in a solution in 
approximately the portions of 4 parts by volume 
of hydrofluoric acid (48% reagent), 4 parts by 
volume distilled water, 2 parts by volume concen 
trated nitric acid and 200 milligrams Cu (NO3)2 
to each 10 c. c. of solution for a time period in 
the general range between 1 and 2 minutes. 

7. The method claimed in claim 3 comprising, 
in addition, securing one of said contact elec 
trodes to one surface of the cut wafer, locating a 
second substantially point contact electrode 
upon a different surface of the cut wafer and in 
substantially point contact therewith, and then 
applying electric power between the electrodes 
and the semi-conductor. 

8. The method of claim 3, including electro 
lytically etching the semi-conductor as an anode 
in a solution in the proportions of approximately 
1 gram stannyl chloride to 50 C. C. of H2O for 
about 1% minutes at about 2% volts. 

9. The method of claim 3 including electro 
lytically etching the semi-conductor as an anode 
in a solution in the proportions of approximately 
5 parts concentrated HNO3 to 50 parts HaO by 
volume for about 1% minutes at about 1 to 2 
volts. 

75 

10. The method claimed in claim 7 compris 
ing, in addition, regulating the supplied current 
to the forward direction through the cut wafer 
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and limiting the current value to the range be 
tween 200 and 800 milliamperes applied in pulses 
of between 4 to 1 second in length. 

11. The method set forth in claim 10 compris 
ing, in addition, the steps of connecting the 
formed electrical device in series with a current 
limiting resistance and a secondary of a trans 
former of alternating electric currents control 
ling the peak current in the forward direction to 
the Order of between 300 and 1000 milliamperes 
so that the voltage across the device and limiting 
resistance is of the order of between 7 and 60 
volts and the limiting resistance is of the order 
of 10 to 40 ohms and regulating the period of ap 
plication of the alternating current to intervals 
varying between 4 and 1 second in time dura 
tion. . . . 

12. An electrical device comprising a semi-con 
", ductor, a counter electrode - having substantially 
point contact with said semi-conductor and a 
second electrode having an area of contact with 
said semi-conductor which is large compared to 
that of the counter electrode, said semi-conduc 
tor consisting of germanium of the order of 99% 
purity in combination with at least one of the 
elements from the group consisting of lead, tin, 
and titanium, to produce a device having a peak 
back voltage in the range in excess of 10 volts 
and approaching the Order of 200 volts, the back 
resistance of said formed device being of the 
order of between 10,000 ohms to several megohms 
at about 5 volts and the forward current being 
in the range of between 5 and 40 milliamperes 
at one volt in the low resistance direction of cur 
rent flow through the device. 

KAR, LARK-HOROWITZ. 
RANDAL. M. WHALEY. 

14 
REFERENCES CITED 

The following references are of record in- the 
fille of this patent: 

UNITED STATES PATENTS 
Number Name Date 
2,139,731 Boer --------------- Dec. 13, 1938 
2.154288 Scholz ------------- Apr. 11, 1939 
2,162,613 Emmens ---------- June 13, 1939 
2,163,393 Brunke ------------ June 20, 1939 
2,209,712 Brennan ----------- July 30, 1940 
2284,428 Dean -------------- Mar. 11, 1941 
2,237,802 Wittke -------------- Apr. 8, 1941 
2,241,908 Herrmann -.-.-.-.-.-.-.-.-- May 13, 1941 
2,361,680 Ehrhard, ----------- Oct. 31, 1944 
2,375,181. Williams------------ May 1, 1945 
2,375,355 Fahraeus ------------ May 8, 1945 

FOREIGN PATENTS 
20 Number Country Date 

551,209 Great Britain ------- Feb. 12, 1943 
OTHER REFERENCES 

"On Contact Rectification by Metallic Ger 
manium,” an article by Ernest Merrit, published 
in Proceedings National Academy of Sciences, 
vol. II, 1925, pages 743-748. 
Journal of Physical Chemistry, vol. 33, 1929, 

pages 1085-1095. 
Journal of Physical Chemistry, vol. 33, 1929, 

º pages 1085 and 1092. 
Journal of Physical Chemistry, vol. 34, 1930, 

pages 173-177. . 
Journal of the American Chemical Society, vol. 

52, 1930, pages 516-565. 
Chemical Abstracts, vol. 33, 1939, page 6694. 
Chemical Abstracts, vol. 35, 1941, page 3152. 
Thorpe's Dictionary of Applied Chemistry, vol. 

1, 4th edition, published by Longmans, Green 
Co., page 330. 


