K. LARK-HOROVITZ ET AL 2,600,997

ALLOYS AND RECTIFIERS MADE THEREQOF

June 17, 1952

2 SHEETS——SHEET 1

Original Filed July 13, 1945

2 EZ-NGI,
TN -VLZ -
UL GZ -d BIT
EWD.LU\NH-

Pd -1y
4SS ING 01z iz

v G-I 61

“SQ-vlZ-

USEUSP DIz
U GZ-Bbg -
“ST NG -dIZ_
IR NGE 07 T
ZN-AIZ -

INT-Niz-
PILE -A9] —

USLNIZ VL) -

-0g

o4

USE 4SP-0 T2
NT-NIZ
IG5 -V 61
IN-A9Z

MSET-Hp2

¢z,

TORS.

bro
MU,

INVEN
k- He

Harl Lar

BY

WRINEWYIOD THNS At G30aE

SUNINTTI HOD AINFWTTT FOLNTISTd DILQULE

ON HTGWIIN LTIN HLIM GFA0D I SACT Y —g

YIS ILDFY HOET HOS GTLEIIONI F&&
LTON FNO LY SUNITHHID OMEMSAOS T MOHS

LON 0G NO/ILITHIA GHEAMYOS M S TIHLIA S -7z

SNOILIFLHIO OHEMEOL M HIVG Hiog 04

IWNYS FHL FHY SITYIS LANFHHII AN FD L TOA — s

TSATTTY WIHNUWYHTD 10 S LSIYTL I

Y w
ANIHYH 1D

ANTYHYHNTID~-FTOFLTON THI /DAL

7

T 1

osr
AQTTY NO 38K LT0A

T
oo

ey




K. LARK-HOROVITZ ET AL 2,600,997

ALLOYS AND RECTIFIERS MADE THEREQOF

June 17, 1952

2 SHEETS--SHEET 2

Original Filed July 13, 1945

ONIHILT HT LAY FINEWHO 48T
LS IHO0d OGN LSTH LN7STHe Ty
SIULSIYTLIESEHI OM A NOILNT70S

GHYONE LS A0V )11D -0 % -SONH-IH - 5
N FLIINIW INO CIHIL T I AHNS ~ @ A

‘OFHDLT LON
TOUSHNS NIHOHE A THSTHA- x

‘TINILT LON LNG
L0t 009 H11M GNAIOKD Tt 14016~ o 7

USGZ "~ 9E/N10 ~ag 5

AQT7 ~FD FOLLTOA-HIEG -1 D/H
NO OMIHILT 40 £2F44TF

£

% xﬁlﬁl@\e\w.ﬁ ox 0w g

YW
ANIHEND

AOTTt/ NO F9H.L TOA

NILALO HOLD A AG GIONYdXT
NOIULDIITSIG OHEMYT S N TS IOt L 704

Vi3,

ey
bl

ey

INVENTORS

ark-lloro

Harll
BY Flondall/7,




Patented June 17, 1952

2,600,997

UNITED STATES PATENT OFFICE

ALLOYS AND RECTIFIERS MADE THEREOF
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bér 29, 1949, Serial No. 135,747
(CI 175-—366)

14 Claims.

1
This ‘application-is a division of apphcatlon
Serial No. 604,744, filed July 13, 1945, now Pat-
ent No. 2;514;879.
The present invention relates to an 1mprove-

2

3. Requirement of power for heating a cathode.

4. Require a large amount of space as com-
bared to a contact rectifier.

The germanium alloys of our present inven-

ment in alloys of germanium, and more par- 5 tion may be used as the semi~ conductors  for
ticularly to rectifiers of electricity, which offer rectifiers of the contact type, which, accord-
low resistance to current flow in one direction ing to one embodiment of our invention, possess
therethrough and high resistance to current the following general advantages over krown
flow in the opposite direction, made of such al- contact rectifiers:

loys. 101, Ability to withstand continuous operating
; lIln the %e‘oalled description of 0}1311‘ 1nventr110ré voltages greater than 10 volts in the back direc-
ollowing hereinafter, it will be observéd tha tion, and some of which are capable of with-
several of the elements which may be combined standing voltages in the back direction of an
with germanium are not metals so that the re- order approaching 200 volts.

sultant materials are not alloys in the common 15 2. Low forward resistances, for example, 30
meaning of the word. However, for purposes to 100 ohms at one volt.

of the present disclosure, it is to be understood 3. High back resistances, at about 4 volts
that the words “alloy of germanium” as used ranging from about 10,006 ohms to several
herein, means to include & union of two Or more megohms.

elements, one of which is germanium, and the 20 4, May be used with flequenmes up to. 60
other or others being metals, non-metals, or megacycles and W111 still rectify at 3,000 mega-
gases, and the combination of which _exhibits cycles.

electrical properties such as are found in metals 5. Provide rectifiers of low capacity of about
and semi-conductors. 0.5 micromicrofarad.

The known contact rectifiers, i. e., rectifiers 25 6. Less than 50% decrease in peak back volt-
comprlslr:ig sumlalble r;leltal 1_,elezctrc;:‘dglsl falr;ld a age when ambient temperature. increases from
semli-conductor have at least one o ¢ follow- 23° C. to 75° C
ing disadvantages: 7. Do not require power for heating a cath-

1. Inability to withstand in continuous use ode; and
voltages -in the back or high resistance direc- 3¢ _8. Do not require more space than about that
tion greater than about 10 volts without per- needed for a common one-half watt carbon re-
maneént injury to the rectifier. sistor.

2. Inability to pass sufficient curfent in ‘the The germanium alloys herein disclosed are
forward direction for satisfactory operation of _ all of the class of N-type semi-conductors, i. e.,
asgoclated apiarat}lz : hibiti £ th 33 semi-conductors which when made into contact

t'ié‘ow. bal,]q hr§s1s a(x;ce Pronpi éngﬂw;lsg o1 the type rectifiers present s high resistance to eur-
gi?ts g‘l;elrnab:)gut ir(r)l&)gogrg;fmcgrcul S, that s, cir- rent flow across the rectifying contact when the

4, Seriowly decreased effoioncy in rectifying  SeTConductor is posiive and ihe contacting
i;égcsaquencles greater than about 1 to 5 mega- 49 lower resistance when the potentlal is reversed

5. Capacity too high to allow efficient opera- ; The various gen;xaéuurra alloys of dour m:;en-
tion at frequencies greater than about 5 mega- tt)oréh?grggefgzgrfchzy ae?(mk(;ﬁ;mv?ﬁgg Ig;g%r 11111%5
cycles.

yDue to the aforesaid deficiencies of these 45 contact type rectifiers. Specific electrical prop-
known contact rectifiers, the art turned to wide- erties hereafter referred to are: :
spread use of vacuum tube diodes for rectifying Peal; back voltage—The voltage-current
alternating currents. However, vacuum tube clllaractefrlstlcs mea:ured 1‘1311 rectlﬁﬁ;rs usmgkthe
diodes, while overcoming certain of the- afore- alloys of our invention show. a. voltage peak in
mentioned disadvantages of the known contact 5o the back or high resistance direction. This peak

urn the following disadvan- generally occurs within g range greater than
rectifiers, in turn have g
tages: ) 10 volts and approaching the order of 200 Y_olts

1. Inter-electrode capacities which are seri- It .will also appear that all of these rectifiers
ously cbjectionakie at high frequencies. using alloys of our ‘invention exhibit a nega-

2. Low forward direction conductance. 55 ‘tive resistance region in the back direction for
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currents exceeding 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 fo 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 di-
rection for these rectifiers generally lie within
the range between 5 milliamperes and 40 milli-
amperes. Actually, somewhat higher currents
may be permitted to pass in the forward direc-
tion without impairment of the rectifying con-
tact. As will be described later herein, currents
greater than 100 milliamperes are sometimes de-
liberately passed momentarily in the forward di-
rection to produce improvement in certain con-
tact characteristics.

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, zine, strontium, cadmium,
or barium of Column II of the periodic table;
Titanium, tin, or lead, of Column IV of the
periodic table;

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

periodic table.
Cobalt, nickel, or palladium of Column VIIT 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 4

germanium, bubt in rectifiers using such semi-
conductors it has been found that excessive cur-
rents pass at voltages greater than about 3 to 10
volts in the back direction which permanently
injure the rectifying contact. It will be under-
stood therefore that our present invention only
relates to semi-conductors of the N-type which
exhibit high back voltage characteristics in ex-
cess of at least 10 volts, and does not concern

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, in order to acquaint those skilled in the :

art with the manner of making alloys in accord-
ance 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
certain 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
semi-conductor of which comprises an alloy of
our present invention.
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Each alloy represented by the curves of Figure
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
added to germanium to produce that ailloy. No
atomic percentage figures for the addition of
nitrogen to germanium are given since it is dif-
ficult to determine accurately the amount or
number of nitrogen atoms alloyed with the
germanium.

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
alloys 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 num-
ber of the atoms of germanium and added ele-
ments 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 I. It will be observed from that
table that a large number of melts with certain
added elements were prepared and it will be
understood 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 addition
agent. Characteristics for rectifying contacts on
any given alloy will lie somewhere within the
range given. PFurther, all points on any given
alloy listed in Table I and Table II, referred to
hereinafter, will not exhibit the same elecfrical
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 uniform-
ity than others with respect to rectification
characteristics.

TABLE I

Additions to germanium
[In atomic per cent)

Forward Current
Peak Back Volt- | o¢'sno0 volt D. C.
. age (Volts) v
Addition and percentages (Milliamperes)
Min. | Ave. | Max. | Min. | Ave. | Max.
15 50 | 125 7 13 19
15 50 125 7 13 19
20 50 105 8 12 16
.80, .80, .80, .80, .80..___._. 25 75 150 5 15 25
Cr: 025, .50 ___. 5| 15 95| 5| 15| 25
8(1)): .52(())._[_1 %g 30 33 10 15 20
:. . 25 4 5 1
Cu3:7.60;02.00, 42, i
. A0 . 15 40 75 1 5
Pbésé.o, .30, .50, 13, 1.08, ' 1
JR: 1 S 25 70 135 1 15 25
Mg:8.0, 8.0ccs e 10 60 ] 115 2 10 - 20
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TABLE I—Continued
Additions to germanium
[In atomiq per cent]

. | Forward Current
Peak Bgek Volt- at one volt D. C,
. age (Volts) (Millismperes)
Addition and percentages peres
Min. | Ave..|Max. { Min, | Ave. | Max,
Ni:1.25, .10, .50, 1.0, 1.0,
1.0,1.0,1.0.._....___.__.__ 20 50 80 7 15
Nz Solidified in N2 at pres-
sures of: 2,18, 600, and 760,
.. Hi 20 80| 160 70 10 25
30 65 110 5 157 25
:.+66, 25 40 80 7 10 .20
.50, .50, .80,..80, .80, .50, .
.50;°.50, 1:0, 1.0, 1.0, 1.0,
.50,..50, .50, .50, .50 _____ 25 75 | 150 5 10 25
Ta: 44 20 40 70 3 15 30
25 75 150 2 15 30
10 30 70 3 7 13
20 25 50 2 5 20
10 25 65 10 25 40
25 50 | 109 5 12 20

In TableII below there are set forth the melts
in which two elements have been alloyed with
germanium. - The. additions of these combina-
tions- of elements are also set forth in atomic
percent as previously defined. It will be under-
stood that the alloys set forth in this table are
also to be included in the term “Group A” above
referred to for purposes of claiming our present

invention. The peak back voltages and the for--

ward: currents at one volt of rectifiers made of
these alloys are also set forth in this table,

TABLE IT
Melts of more than one addition to germanium

[In. atomic per cent)
Forward Current
Peak Back Volt-
e (o) | hgmenalt
Addition and percentages P
Min. | Ave, | Max.| Minz | Ave. | Max.
20 Biy 2080 ..o 20 25 50 8 15 25
.35.Cu, .70 Sn 25 40 | 150 15 20 30
.21:Cu, 66 S 15 50 80 15 22 50
.21 Cu, .98 Sn 151 40| 65| ‘15{ 30 60
80 Ca, .30 Sn_ 50 701 110 5 14 20
.80 Sr, .30:Sn 50 70 | 100 6 15 35
.50°'N1,,50 8r._. 55 75| 100 9 30 30
S50Pd, 80 Sr. . 35 65 90 8 15 25
.50:Pd, 80 Sr..__ 35 50 95 5 12 20
i - 39 50 95 8 15 25
20 50 75 12 20 40
25 45 75 10 20 35
30 40 50 9 12 14
15 25 35 10 15 20
60 90 |- 160 10 15 25
10 30 50 13 20 25
10 30 45 10 20 40
30 65 | 100 7 10 18
20| 100 | 165 ] 13 19
15 90 | 100 6 10 15
3 30 70 | 110 15 20 25
1.00-Ni, .50 Sn.__ 15 50 90 1 9 19
.80Ca, .40:Cu. .- 35 751 140 2 7 9
.80 Ca, .40 Cu. - 15 40 75 3 5 7
10 Sn,'.inCa ............... 70| 100 | 175 8 15 24

The germanium alloys of our invention may bhe
prepared in all cases-except for the germanium-
nitrogen- alloy, by melting pure germanium with
the ‘desired alloying element or combination of
elements in either a high vacuum of the order of

10

25

30

36

40

45

50

60

70

P

6

10~% mm. mercury at about 1000° C. or .in an
atmosphere -of helium. Precaution should -be
taken to prevent the accidental introduction of
unknown and perhaps detrimental impurities
into the melt from sources such as the crucible
or boat in which the ingredients are disposed for
melting, the furnace itself, or some material
volatilized in the furnace.. Alloying germanium
with nitrogen may be effected by melting the
germanium in an atmosphere of nitrogen which
may be either purified nitrogen or nitrogen direct
from a commercial cylinder. - The germanium
is melted in nitrogen at pressures ranging from
about 2 mm. to 760 mm. Hg at a temperature
of 1600° to 1050°-C. Good results appear to be
independent of pressure and melts prepared
within the above range of pressures were -all
satisfactory.

The germanium successfully used for these
alloys had 'purity approaching 100%, and elec~
trical resistivity greater than about- one -ohm
cm.- The germanium which we have successfully
alloyed with other elements to form the alloys
listed in Tables I and II was brepared from
GeO2 obtained from the Eagle-Picher Lead Com-
pany of Joplin, Missourl. The oxide was reduced
in an atmosphere of commerecial hydrogen at
temperatures of 650° to 700° C. over a period -of
three to four hours. The oxide reduced in-this
manner leaves the germanium metal in the form
of a gray-green powder which is then alloyed
with another element or elements in the manner
and proportions described.

The aforesaid melts of germanium and the
added. element or elements were held -in the
molten state long enocugh to allow mixing of the
congtituents, and it has been found that about
5 o 13 minutes is sufficient. for this purpose.
Usually ingredients to form melts of about five
to six grams each were used in proportions-above
set forth in detail. After the constitutents had
been allowed to mix, the melts were allowed to
solidify and cool which was accomplished either
by immediately removing heat -or by controlled
cooling apparatus. In. certain cases the uni-
formity of the melt is affected by the manner in
whieh if is cooled. These variations will be dis~
cussed later. '

A specific melt in accordance with our inven-
tion was prepared as follows: -
Pure GeOz2 was reduced in hydrogen at atmos-

pheric  pressure for about three hours at 650°
to 700° C. Six grams of bure germanium pow-
der so obtained were then placed in g porcelain
crucible together with small flakes of pure tin
amounting to 25 milligrams or about 0.8 -atomic
percent of tin. »

The crucible and contents were then placed
inside a graphite ¢ylinder 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—5 mm. mercury. Power was then. ap-
blied to the external coil of the induction furnace
to melt the germanium and hold it molten ‘for
about 5 minutes.” The melt wais then allowed: to
cool by merely turning off the power to the coil.
Thereafter wafers were cut from the alloy, and
were soldered with soft-solder to a suitable metal
electrode to produce gz very low resistance non-
rectifying contact with one face of the wafer.
The exposed face was then ground with 600 mesh
alumnia and etched for 2 minutes with an etch-
ing solution consisting essentially of HNO3, HF,
Cu(NO3)2 and water in proportions to he later
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described herein. These wafers were then as-
sembled in -suitable cartridges each provided
with a 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
abhove.

As mentioned in the above specific example,
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 be found which exhibit the aforemen-
tioned electrical rectifying characteristics. Such
broken surfaces present geometrically irregular
faces which introduce some difficulty in assembly
of the rectifiers. Thus, grinding the alloy sur-
face flat and etching it appears to be the most
feasible manner of producing the rectifiers in
the commercial practicing of our invention.

From the above Table I it will be observed
that the majority of experimental work conduct-
ed in 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 con-
tent, the amount of tin added is not critical.
Germanium containing above about 0.1 percent
tin usually shows tin separated out, both at in-
ternal grain boundaries and on the outer sur-
faces. In some melts containing tin in excess of
0.1 atomic percent, ductile layers of this tin-
rich material were frequently observed, par-
ticularly in the lower regions of the melt. In
this connection we wish to observe that in mak-
ing the germanium-tin alloys it is desirable in
producing the melt that the boat or crucible in
which the 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 becomes saturated at about 0.1 per-
cent tin under the melting and cooling condi~
tions used. However, in our experimental work
larger amounts of tin were added in order to ob-
serve if such solubility depended upon the
amount of tin available; more tin merely segre-
gated. At 17 atomic percent addition of tin, the
entire melt was interlaced with tin-rich veins
which had metallic low resistance ohmic con-
ductivity.

With bismuth additions it is difficult to con-
trol the amount of bismuth actually remaining
in the germanium during the melting cycle. A
considerable fraction of the bismuth volatizes
so that quantities added have little relation to
the quantities actually remaining in the melt.
However, the results indicated in Table I in con~
nection with bismuth were obtained by the ad-
dition of bismuth to the extent there indicated.

After the melts have been made as above de-
seribed 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 mil 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 recti-
fiers made from the alloys of our invention are
little affected by the metal of which the whisker
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is made. Whiskers made of the following metals
have been tried and only very slight deviations
were noted over a large number of points of con-
tact 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 solidification, or on
surfaces exposed by breaking the melt. As men-
tioned above, however, it is desirable to grind and
etch the surface. Thus in one method of pro-
ducing rectifiers using the alloys of our inven-
tion, 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
(Als03). The abrasive used is not critical in
that it has been found that other abrasives such
as Cra03, MgO, Vaz03, SnOz, ZnO and 4—0 paper
are equally satisfactory. This may then be fol-
lowed by a further grinding step with fine emery
paper although this grinding step may be elimi-
nated, if desired, without substantially altering
the final product. The surface of the plate or
slab is then etched with a suitable etching solu-
tion which in one modification of our invention
has the following approximate composition:

4 parts by volume hydrofluoric acid (48% reagent)

4 parts by volume distilled water

2 parts by volume concentrated nitric acid

200 milligrams Cu(NOs3)2 to each 10 cc. of solu-
tion. '

Such 2 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
critical butb 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 H20 may be used as
an electrolytic bath for etching the alloy sur-
faces. Immersing the alloy as the anode in this
solution will result in satisfactory etching within
about 1% minutes at about 2% volts applied.

An alternative modification of an electrolytic
etching solution may comprise 5 parts concen-
trated HNO:z and 50 parts Hz0 by volume. Using
the alloy as the anode for about 1% minutes at
1 to 2 volts will result in a satisfactory etch.

Reference may now be had to Figure 2 of the
drawings illustrating the effect of etching of one
of the alloys of our invention. The alloy selected
to illustrate the effect of etching is identified as
melt 24 P-OU136-25Sn. This melt as appears
from the aforesaid designation constitutes .25
atomic percent tin. The curve identified by
reference numeral { illustrates the electrical char-
acteristic of the germanium-tin alloy above iden-
tified in which the surface was ground with 600
AlzO3; but not etched. The curve indicated by
the reference numeral 2 illustrates the electrical
characteristics which were obtained on a freshly
broken surface of an alloy of the above composi-
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values measured before treatment. Relatively
minor increases of 10 to 20 percent are effected
on the peak back voltage. Forward currents a
one volt. are in general decreased by amounts
“ranging. from 10 to 50 percent.

TABLE III
Effects of power treatment

(Values before power treatment are followed in parentheses by values
after power treatment)

tion but which surface has not been etched.
Curve member 3 illustrates the electrical char-
acteristic of a surface ground with 600- AlO3
and then etched in accordance with the manner
- first deseribed.

‘The curve indicated by the reference numeral
4:illustrates electrical characteristics of another
point on the alloy after etching as described in
connection with curve 3, the curves 3 and 4 repre-
senting the best and poorest performances, re-

<t

10

spectively, of the particular germanium tinh alloy
above identified, after etching. It is to be ob- Peak Back | Gorrard | Back Resist-
served that in this graph the voltage scale in the Alloy used:inRectifier |~ Voltage | oneyolp | 2nceats
forward direction is there expanded by a factor (volts) a&gi{e‘s) (megohms)
of 10 as compared to the voltage scale indicating 15
the high back voltage characteristics of the alloys UL B0ST. - 5w 9 wn| .0z
of our invention. As indicated, the currents are 3&’325" B 13(5) 8?23 ié Ea. 5) '32 §4)5
. s 74 ~.258n.. 7 .2 2.
given In milliamperes. - 22W,-1.050 00 @) 6 © SR
It will be observed from an examination of 22 W a-1.081_ 100" (120) 8 (8) .05 (.8)
Figure 2 that the electrical charac_:tgrist:,ics of a 20 %ﬁ%:ﬁggﬁjjjj_“ y 83 8}33 % 8% Igé 83?)
rectifier using a broken surface exhibit high back 24Q-.408Sn__ 150 (175)| 40 (10) .20 (4)
voltages and forward conductances within the 2A-N,._. 138 é‘f% %g 8%.5) Zl)g %3
range of values obtained when using a ground 80 (105)| 18 (10) | .10 (&)
and etched surface. However, such broken sur- g 8?(5)3 10 Eé% ‘20 %
faces are shiny and geometrically irregular so 95 (105)| 10 (6.4) 40 (7.5)
that the whisker tends to skid which is undesir- % Eé?,?) 1a 839) 8 8.)5>
able in assembling permanent rectifier units. - 40 (45 | 30 (15) .81 (3:9)
From Figure 2 it is apparent that the high back VNIt 80 (95) 16 -(10) L0 @.5)

voltage and high back resistance properties are

inherent in the alloys and that the etching is s

effective for restoring such properties’ after
grinding.  Futther, we have discovered that nat-
ural ‘surfaces formed when solidifying the alloys
in vacuum will, if not contaminated or otherwise
affected by grinding, give high back voltages and
high back resistances when mounted and tested
in air.

For-certain applications of these rectifiers it
is desirable that they have back resistances ex-~
ceeding one megohm st about 5 volts. Using the
procedure described ahove will oceasionally pro-
duce such high back resistances. However, we
have found that a substantial and permanent
increase in the back resistance can be effected by
applying power overloads across the contact, for
short intervals of time, each of length about Ya
t0 1 second or longer. The power treatment can
ke effected with the use of either alternating or
direct’ .current. By gradually inecreasing the
voltage applied, and hence the current passed by
the contact during successive pulses, an optimum
value can be found to produce the maximum
back resistance for a given contact. For direct
current treatment in the forward direction such
optimum’ current values range from about 200 to
800 milliamperes. TFor alternating power treat-
ment the optimum values of forward peak cur-
rent range from about 300 milliamperes to 1000
millismperes. One can apply such alternating
current treatment simply by connecting the rec-
tifier in series with a current limiting resistance
and the secondary of a transformer. Depending
upon ‘the size of this current limiting resistance,
values of 10 to 40 ohins have been used, voltage
pulses ranging from 7 to 60 volts across the recti-
fler and-resistance serve to yield the maximum
increase in back resistance.

Table IIX shows the permanent effects of. such
power treatment upon a few typical rectifiers
using alloys of our invention and prepared as
deseribed. It will be seen from the table that the
most significant effect of the power treatment is
the increase in the back resistance as measured
at about 4.5 volts. This resistance is increased
by-factors ranging from ahout 10 to 50 times the

It has Been demonstrated above that the high
back voltage, high back resistance, and good for-
ward conductance properties disclosed are inher-
ent in the germanium alloys of our invention.
Modifieations of surface treatments or power
treatments as described above will, however, vary
the magnitude of these properties within. certain
general limits. Ior example, on a given alloy
surface,” variations in surface treatment and
power -treatment may be expected to vary the
average peak back voltage by a factor of about 2,
the average forward current by a factor of about
2, and the-average back .resistance by factors up
to: 50. "It will be noted that the back resistance
is the property most sensitive to variations in
treatment, particularly to power treatment.

The following Table IV summarizes, on the
basis of all melts made in experimental work con-
ducted under our invention, the approximate
figures of the minimum, average, and maximum
values of peak back voltage and forward current
at one volt which might be expected on the ger-
manium ‘alloys consisting. of the addition of ‘a
single element.

TABLE IV
Peak Back Voltage |Forward Current at One
(volts) Volt (milliamperes)
Alloy
Ave Max Min Ave Max
75 150 2 15 30
80 160 7 10 25
75 150 5 15 25
75 150 5 10 25
50 90 7 15 30
50 100 5 12 20
70 135 1 15 25
65 110 5 15 25
50 100 2 10 20
50 105 5 12 15
50 1256 7 13 20
40 100 10 15 30
40 80 7 10 20
30 70 3 7 15
30 35 10 15 20
40 70 3 15 30
40 75 1 5 40
25 40 5 15 40
25 65 10 25 40
25 50 2 5 20
15 25 5 15 25
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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 alloys can usually be expected to have
70 to 90 percent of back peak voltages over 60
volts. Values on tin melts are more uniformly
spread within the range of the limifs given above.
For the tin melts approximately 50% of the
points on the surfaces thereof will have voltages
above 60 volts. It appears that the pure ger-
manium alloyed with tin or melted in an atmos-
phere of nitrogen represents the most advan-
tageous 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 the art working
within the range of the alloys herein disclosed
will readily be able to produce alloys 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 8. An electrode
or whisker 7 is connected at one end to an elec-
trode supporting member 8 with the end of the
whisker in contact with the surface of the ger-
manium alloy wafer 5. The standard 9 pro-
vides for mounting of the members supporting

the wafer 5 and electrode or whisker 1 in in- +

sulated 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 contacting the
surface of the wafer being arranged and sup-
ported so that one end of the whisker engages
the semi-conductor surface. It is understood
that suitable leads are connected to the wafer
or semi-conductor and to the whisker or metal
electrode so that the device may have appli-
cation in any desired circuit for use in the rec-
tification 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.

We claim as our invention:

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-con-
ductor consisting of germanium of the order of
999% purity in combination with at least one
of the elements from the group consisting of
vanadium, columbium, tantalum, and bismuth,
said device having a peak back voltage in the
range in excess of 10 volts and approaching
the order of 200 volts.

2. An electrical device comprising an alloy
formed of 2 mixture of germanium having a pu-
rity of the order of 999 and vanadium in an
amount of between 0.15 and 1.0 atomic percent,
and a pair of electrode elements in contact with
said formed alloy, one of said electrode elements
having substantially point contact with said al-
loy and the second of said electrodes having an
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area of contact which is large compared to that
of the point contact electrode.

3. An electrical device comprising an alloy
formed of a mixture of germanium having a
purity of the order of 99% and columbium in
an amount of 0.5 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 said alloy and the
second of said electrodes having an area of con-
tact which is large compared to that of the point
contact electrode.

4, An electrical device comprising an alloy
formed of a mixture of germanium having a
purity of the order of 99% and tantalum in
an amount of 0.44 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 said alloy and the
second of said electrodes having an area of con-
tact which is large compared to that of the point
contact electrode.

5. The method of making an electrical device
which comprises mixing germanium having a
purity of the order of 999% with at least one
of the elements from the class consisting of
vanadium, columbium, tantalum, and bismuth,
applying heat to the mixture to reduce the mix-
ture to a fluid state, maintaining the heat for
a time period sufficiently long to permit mixing
of the selected constituents, removing the heat
to permit solidification of the mixture, cutting
from the ingot formed upon mass solidification
wafers to which contact electrodes may be ap-
plied, and applying contact electrodes to said
wafers.

6. The method of claim 5 including the ad-
ditional steps of grinding the severed wafers and
then etching the ground surfaces to provide op-
timum contact points for said contacting elec-
trode members.

7. The method of claim 5 including, in addi-
tion, the step of etching a surface of a wafer
cut from the ingot before applying a contact
electrode. .

8. The method of claim 5 including, in ad-
dition, the step of etching a surface of a wafer
cut from the ingot in a solution made up of
approximately 4 parts by volume of hydrofiuoric
acid (48% reagent), 4 parts by volume of dis-
tilled water, 2 parts by volume of concentrated
nitric acid, and 200 milligrams Cu(NO3) 2 to each
10 cec. of solution for a time period in the gen-
eral range of between 1 and 2 minutes.

9. The method of claim 5 including securing
one of said electrodes to one surface of a cut
wafer, locating a second substantially point con-
tact electrode upon a different surface of the
cut wafer and in substantially point contact
therewith, and then applying electric power be-
tween the electrodes and the wafer.

10. The method of claim 2 including, in ad-
dition, regulating the supplied current in the
forward direction through the cut wafer and
limiting the current value to the range between
200 and 800 milliamperes applied in pulses of
between % to 1 second in length.

11. The method of claim 10 including, in ad-
dition, the steps of connecting the formed de-
vice in series with a current limiting resistance
and a secondary of a transformer of alternat-
ing electric currents controlling the peak cur-
rent in the forward direction to the order of
between 300 and 1000 milliamperes so that the
voltage across the device and limiting resist-
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ance 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 Y, and 1 second in time devia-

tion.
©12. The method of claim 5 including elec-
trolytically etching one of said wafers as an
anode in a solution in the proportions of ap-
proximately 1 gram stannyl chloride to 50 cc.
water for about 1% minutes at about 2% volts.

13. The method of claim 5 including electro-
lytically etching one of said wafers as an an-
ode in a solution in the proportions of approxi-
mately 5 parts concentrated nitric acid to 50
parts water by volume for about 1'% minutes
at about 1 to 2 volts.

14. An electrical device comprising a semi-
conductor, a counter electrode having substan-
tially point contact with said semi-conductor
and a second electrode having an area of con-
tact with said semi-conductor which is large
compared to that of the counter electrode, said
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semi-conductor consisting of germanium of the
order of 99% purity in combination with at
least one of the elements from the class con-
sisting of vanadium, columbium, tantalum, and
bismuth, said device having a peak back volt-
age in the range in excess of 10 volts and ap-
proaching the order of 200 volts, the back re-
sistance of said device being in 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
current flow through the device.
KARL LARK-HOROVITZ.
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