2,615,966

Oct. 28, 1952

H

K. LARK-HOROVITZ ET AL

ALLOYS AND RECTIFIERS WMADE THEREQF

2 SHEETS--SHEET 1

Original Filed July 13, 1945

W EZ-NCIy
N~V L2y~
US G ~d D=
ﬁwn.\ctﬂ-

Pd & -1TYy
“SGING QI

P2 & ~OI6]
“G G -V g~

UGE 4GP -DIZ-
“CGZ-boZ -

INI-NiZ-
PILE -A9 —

USLNIT- Ve -

2

08

24

‘o W
ANIFHH D

USEUSF-DIZ  mscrHpy
INT-NZ
°IG DI GF .
Nz WL A
UGG -l ASTING-4¥2
I9EZ-NGT . PASLIZ  ugGgdpa. uSGEdPZ
L ar N\
LGG* - NN
ING-AIZ / l/ﬂ 416G VWIS

- UGL ' MIZ VLT ’/ ’//1
3

ViZs,
Gty

INVENTORS.

/l’a}é[o,r/k-//oro
sy lZandallM ),

IN-YLE

‘WRINYWHTO TSNS QL ICGY
SUNITWT T HO AINIWITT SOLNTIY IS IIWNALY
. ONY HTGWNIN LTIN HLIM GFG0D THY SAOTTY — &

HIISILDTY HOET HOS OFLEIION! T4
LTOA FNO LY SLNTHHII GHEMSOS il MOHS
LON 0G NOILIIHIA GHYMSOS NI STIHLIIA S — 7

‘SNOILITHIO OHEMEOS QN SIUE HLO0G HOH
IWYS FHL IYY SITHIS AINIHHII ONY FOLTON —T

"GAQTTY WIHNUWYHTO 40 SO LSTHTLIVSEHD
ANITHHTI-FOHLTON THI /DAL

g=4

)

T T ~
o o9r

AQTTY NO D61 T0A



2,615,966

. K. LARK-HOROVITZ ET AL
ALLOYS AND RECTIFIERS MADE THEREQF

2 SHEETS——SHEET 2

R

<

)

*

ONIHLT ST LAY FINE NSO S8 Td .
LG 7400d ON L5TG LNTSTHd T4
SOILGIY TLIEYSEHI OML NOILI? 70¢
GHANE LS S(5OW)ND ~0%H - CONH-IH -7 5
N TLOINIW INO OIHILT I ASN1S - * £

‘GIHILT LON

FoUISHNS NIHOHE A THSIY4-x 5

. OFHNILT LON LG
L0t 009 HLIM GNNOYD IIHI4NG-o |

UG GZ "~ JE/NO -a LS

AQI7 ~FD FOULTOA-HIUE -HIOIH
NO ONIHILF 40 £L27443F

£

b @ﬁE\%&.\&Wﬂ@@@

AOTTH NO F96.L 70

NILAO HOLIUA AT GIONHIXT

Vi,
Y
iy

INVENTORS

He arZ[ar/z—ﬂoro
BY Foandall/Y

Original Filed July 13, 1945

Oct. 28, 1952

NOILIFYSIG OSEMSOS M T 95 IO L 704

©

¥ R

ANIYHY 1D

Yw | N‘m\\



Patented Oct. 28, 1952

2,615,966

UNITED STATES PATENT OFFICE

2,615,966
-ALLOYS AND RECTIFIERS MADE THEREOF
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"Foundation, La Fayette, Ind., a _corporation of

‘Indiana

‘Original -application July 13, 1945, Serial No.
604,744, now Patent No. 2,514,879, dated - July
11, 1950. Divided and this application Decem-
ber 29, 1949, Serial No. 135,746

1

This application is -a division -of “application,

Serial No. 604,744, filed July .13, 1945, now
‘Patent No. 2,514,879, issued .July 11, 1950.

The present invention:relates to an improve-

‘ment in -alloys :of ‘germanium, -and more .par- -

ticularly to.rectifiers -of “electricity, which offer
-Jow resistance -to current flow in one direction
therethrough-and high:resistance to.current flow
-inthe ‘opposite direction,:made of ' such -alloys.

~In:the-detailed "description :of -our-.invention
‘following - liereinafter, :it “will . be -observed -that
-several.of the-elements: which ‘may be -combined
-with -germanium .are -not -metals .so that the
resultant -materials -are not-alloys in the com-

‘mon meaning of the word. However, for pur- !

poses of the present disclosure, it is.to. be under-
stood ‘that the word “alloy of germanium” as
:used herein, means to .include a union of two
"or-miore “elements, one 6f ‘which is germanium,
-and “the -other ~or -others “being ‘metals, non-
metals, or gases, and the combination 6f 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 6f the- following
disadvantages:

1. -Inability " to ‘withstand - in continuous -use
voltages: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
~associated apparatus.

3..Low back. resistance prohibiting use of the
‘rectifier in high impedance.circuits, that is, cir-
‘cuits over about 100,000 ohms.

‘4. Seriously decreased efficiency in rectifying
at frequencies greater than about'l to 5 mega~
‘cycles.

‘5. Capacity too high to -allow-efficient oper-
sation:at frequencies greater than about 5 mega-
cycles.

Due to the .aforesaid deficiencies -of these
known contact rectifiers, the art turned.to:wide~

15 Claims. (ClL 175—366)
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spread use of .vacuum tube diodes for rectifying
alternating currents. “However, “vacuum ‘tube
diodes, while overcoming certain of the -afore-
mentioned disadvantages of the “known contact
rectifiers, in turn .have “the following -disad-
vantages:

1. Inter-electrode capacities ‘which -are -seri-
ously 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
rectifiers of ‘the -contact -type, :which, -according
to one ‘embodiment of -our invention, -possess

the following general advantages over :known

contact rectifiers:

1. Ability ' to ~withstand continuous operating
voltages-greater than 10 veolts.in the back di-
rection, and-some of .which are capable. of .with-
standing voltages in the back direction.of.an
order 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.

-8. ‘Provide rectifiers of ‘low capacity of: about
0.5 micromicrofarads.

-6. Less than 50% decrease in peak back -volt-
age when - ambient temperature increases from

.23° C. to T5° C.

7. Do net require power for heating a cathode;
and

8. Do not require more.space.than about that
needed for a common cne-half wat{ carbon re-
sistor.

The germanium alloys herein disclosed .are
all of the class of N-type semi-conduétors, i. e.,
semi-conductors which when made into -contact
type rectifiers present a high- resistance to cur-
rent flow-across the rectifying contaect ‘when the
semi-conductor is- positive -and:the -contacting
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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 generally 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 ex-
hibit a negative resistance region in the back
direction for currents exceeding the current
at the peak back voltage

Back resistance: In the back or high resistance
direction these rectifiers have resistances rang-
ing 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 ab
one volt in the forward or low resistance di-
rection for these rectifiers generally lie with-
in the range between 5 milliamperes and 40
milliamperes. Actually, somewhat higher cur-
rents may be permitted to pass in the forward
direction without impairment of the rectifying
contact. As will be described later herein, cur-
rents greater than 100 milliamperes are some-
times deliberately passed momentarily in the
forward direction to produce improvement in
certain contact characteristics

The N-type semi-conductors of our invention
comprise germanium having small amounts of
one of the following elements or certain combi-
nations thereof alloyed therewith:

Copper and silver of column 1 of the periodic
table;

Magnesium, caleium, zine, strontium, cadmium,
or barium of column II of the periodic table;

Titanium, tin, or lead of cclumn IV of the peri-
odic table;

Nitrogen, vanadium, columbium, tantalum, or
bismuth of column V of the periodic table;

Chromium or uranium of column VI of the peri-
odic table.

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 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
excess 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 invention
will appear from the detail description.

Now, in order to acquaint those skilled in the

art with the manner of making alloys in accord- :
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4
ance with our invention, and the utilization
thereof as rectifiers of electricity, we shall
describe 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 cur 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.

Each alloy represented by the curves of Figure
1 is designated by a code number. The latter
part of each code dénotes the amount in atomic
percent of the particular element or elements
added to germanium to produce that alloy. No
atomic percentage figures for the addition of
nitrogen tc germanium are given since it is diffi-
cult to determine accurately the amount or num-
ber of nitrogen atoms glloyed with the germa-
nium.

In the following Table I there are sef 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
percent, 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 I. It will be observed from that
table that a large number of melts with certain
added elements were preparad 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 he
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 nct exhibit the same elecirical
characteristics. Points may be found on each of
the alloys disclosed at which the peak back volt-
ages, 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 poinis of contact may usually be
found with electrical characteristics which lie
toward the upper limit of the ranges above set
cut. However, as will later be discussed in more
detail, some of the ziloys are ¢f greater uniform-
ity than others with respect to rectification char-
acteristics.
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TABLE I

‘Forward Current
atonevoltD. C,
(muhamperes)
. ‘| Min, ['Ave. | Max, | Min. [Ave. | Max.
30| 125 7| 18] 1e
50 | 123 717130 19
50-1 105 8 12 116
35 | -150 51 15 525
15| 95| o5 15| 425
80| 851 100 15¢ 20
25| <40 L8| 115 w40
“40 | 78| T | 5] 40
270 1 -4385 L 15 25
60 | 115, =21 10 20
S50 R0 WL ofas| 80
“80-| 160 S 1) 525
65 (710 5| 15| .25
-- 40 80 7 10 20
150,-:80, 1.80,:80, . . i h .
.50, 50 10,10,10,10, . . S
0 50, 50, 250,750 25 15 '1.)0 51 10 25
.| 20 40 | T70 3 15 30
25, . ;
“.B0; I. *.80, .80,
4‘80 80, -5, 80, '80,.:.50"
-+80,- .80, .80, :.83, ~.10,. 8.0, . .
170,93 80.120,10 1.0, : : !
1.0, 110, 119, .05, .10, - 10, : H
.10, .15, .15, .50, .25, .25,
25, .40, .40, .40, .40, .40,
‘40, 40, 40, -.40,-..40, .40, o L
) “75 | 150 “30
30 70 15
25 | 40 20
“25 | 65 - 40
’1'50‘ -1.00- S

In Table 11 below there-are set forth the: melts

in which two elements have been alloyed‘with

germanium. “The ‘additions :6f:these ‘combina-

“tions-of’ elements:are :also:set :forth “in atomic
tpercentoas previously: defined. It will:be under-
rstaad-that the alloys.set forth in this:table are

zalso to. beincluded inithe term “group A’:above -

~referred-tofor purposes.of-elaimingour present
tinvention.. "The peak back voltages and the:for-
sward tcurrents-at :one :volt of rectifiers: made:of
these alloys are also set forth in this:table.
"TABLE 11
Melts of more: than one. addztzon to ger’ma,mum
. -7 [In atomic per cent.].

“Forward Current
e | e 1(335}%3"’”3“ at-one-volt (milli
“Additions. and percentag‘es . s | -amperes)
. ‘Min. |"Ave.| Max, ‘Mi'n, . Ave, | Max
~20,Bi, 20080 ... .. 20| .25 “50
.35 Cu, .70-Sn.__ N 13 40 150
121 Cll, :66-Sn___ | =15 50 80
%21°Cu, 98 Sn.... . 715 40 65
80.Ca, 30 Sn__. o a0| r70 |- 110
0 S!', 30 8n._ - -850 | .70 | ~100
' 2| 5] 75| 100
S$50-Bd, N o] 35 65 90
50 Pd 80 S!‘-« -l 851 50 95
.50 Ni, 110°Sr_ 39 50 95
50 Ni,.30 M p 750y 75
451 .75
-40 “ 50
2251 785
.90 | 160
30 | 50
230 | 45
65 |- 100
“100 165
“90 | :100
70 | a0
“50.1 90
75 140
s .40, <40 t. .75
-710°8n,~40°Ca.2: 100~} “175
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The:germaniumalloys ;of:our -invention: may

“be prepared in-all-casés ‘except’for the germs-
‘niun<nitrogen alloy, by meltitig pure: gérmanium
‘with: the ‘desired-alloying: elemeént or -combination
~ofelements in either a high vacuum-of theorder
-6f:10~5"mm.: mereury:at:about:1000°:C or intan
“gtmosphere of “helium. “Precaution :should ‘be
“taken-to preventthe aceidental introduction of
_unknown ‘and -perhaps ° ‘detrimental “impuritiés
10

into the melt from’ sources"such: as the erucible
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-éffected by melting: ‘the ger-

‘manium ‘in an - atmosphere of nitrogen ‘which
‘may be either purified nltrogen or nitrogen dn*ect
-from ‘ commereialk cylinder.
-meélted -in ‘nitrogen: ‘at “pressures ranging: from
about 2 ‘mm. t0 760'mm. Hg at"a’ temperature of
~1000°to 1050° C. ‘Good restlts'appear to be'inde-
“perident ‘6f - pressure ‘and’ melts ‘prepared: w1th1n'
E theabOVe range of pressures were all’ satis actory

The germanium’is

“The* germamum ‘successfully used for these al-

"loys had purity- ‘approaching! 100%, and: ‘electrical
,resmtwrty greater than -about one ohm cm. “The
“germanium ‘which ‘we ‘have- successfully alloyed
“with-other elements to -form the alloys 11sted ‘in
“Tables ‘I and “II‘ was* prepared from GeOq’ ob-
‘tained from'the Eagle Picher: Lead “Company 6f
“Joplin, Missouri.

The oxide was reduced: in- an
atmosphere ¢f commercial hydrogen at temper-

“atures of 650° to700°C. ‘over‘a: perlod of’ three
“to four ‘hours. The ox1de reduced in thls manner

leaves ' the' germamum metal in the *form-6f “a

“gray-green :powder ‘which is’ then alloyed Wlth
“another ‘elemert or ‘elements’in the' manner-and
’ proportlons described

“The aforesaid melts of ° germamum and “the

~gdded element or elements “Were- held in the

40 ‘;molten state’ long enough to allow ‘miXing - of

e constltuents ~and “it’ has been - found that

'f‘about 5 t0715" mmutes is suﬁiment for th1s pur-
‘pose. ' Usually ingredients to form melts of about
_‘ﬁve ‘torsix-grams- each were used-in: proportlons

#bove'set forth in detall After the-constituents

“had ‘been- allowed to mix, the melts-were: ‘allowed
“to sohdlfy -and - cool Wthh was accomphshed
-either by 1mmed1ately removmg heat or by con-
“trolled ‘cooling apparatus.
: umforrmty of the melt is affected” by the manner
“in ‘which it is ‘cooleéd. - These’ variations will be
\"’dlscu=sed later

In certain ‘cases “the

A spemﬁc melt 1n accordance with our” inven-

tmn was prepared as follows

“Pure GeO: was réduced in’ hydrogen at” atmcs-
pheric pressure for about three ‘hours-at 650°"to

“700° C. Six grams’of pure.germanium: powder s0O
‘obtained’ were then ‘placed in-a porcelam crugi-
“ble together w1th small flakes of pure tinamount-

“ihg t0"25 milligrams-or-about 0.8-atomic. percent
of tin.

“The: cruclble and contents were then placed
“ingide & graph1te cyhnder “uséd-as a heater in

“the high frequency ﬁeld oi’an induction furnace

and lowered in“a’ vertical’ ‘quartz tibe whrch was

“then-evacuated- and malntamed at’a pressure of
“gbout 10-5 mm. ‘mercury. ‘Power was theén ap-
“plied " to the: external .coil .of ‘the. mductlon fur-
‘nace’ 't melt the germanium and hold.it: molten
“for'about 5 minutes.
-to cool by merely turning.off .the - ‘power to the

The: melt was then allowed

‘¢oil. "Thereafter wafers.were cut. from the alloy,

’and -were' soldered with soft-solder to a sulta.ble
_‘metal électrode to .produce a -very .low .Tesist-
‘atice Hion-rectifying eontact with one face of the
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wafer. The exposed face was then ground with
.600 mesh alumina and etched for 2 minutes with
an etching solution consisting essentially of
HNOs, HF, Cu(NQO3)z and water in proportions to
be later described herein. These wafers were
then assembled in suitable carfridges each pro-
vided with a conventional metal electrode or
whisker which was used to contact the alloy sur-
face. Across the rectifying contact thus produced
we obtain the electrical characteristics described
above.

As mentioned in the akove 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
eteching of the alloy surfaces is not essential
since, for example, by breaking open a melt,
points may be found which exhibit the afore-
mentioned electrical rectifying characteristics.
Such broken surfaces present geometrically irreg-
ular faces which introduce some difficulty in as-
sembly of the rectifiers. Thus, grinding the alloy
surface 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 cbserved that
the majority of experimental work cenducted 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 atomiec percent of tin content,
the amount of tin added is not critical. Ger-
manium containing above about 0.1 percent tin
usually shows tin separated out, both at internal
grain boundaries and on the outer surfaces.
some melts containing tin in excess of 0.1 atomic
percent, ductile layers of this tin-rich material
were frequently observed, particularly in the
lower regions of the melt. In this connection we
wish to observe that in making 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 percent tin under the
melting and cooling conditions used. However,
in our experimental work larger amounts of tin
were added in order to observe if such solubility
depended upon the amount of tin available; more
tin merely segregated. At 17 atomic percent ad-
dition of tin, the entire melt was interlaced with

tin-rich veins which had metallic low resistance -:

ohmic conductivity. .

With bismuth additions it is difficult to con-
trol the amount of bismuth actually remaining
in the germanium during the melting cycle. A
considerahle fraction of the bismuth volatilizes
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 addi-
tion of bismuth to the extent there indicated.

After the melts have heen 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 electrolyt-
ically with a tip diameter of less than 0.1 mil
was used as one electrode or whisker, the other
electrical contact usually being made by soldering
the alloy to a suitable conductor. However, tests

In 3
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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
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, Pe, 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 volt-
age on rectifiers using the alloys. These elec-
trodes or whiskers may have contact with the
surfaces of the alloys as formed upon solidifi-
cation, or on surfaces exposed by breaking the
melt. As mentioned above, however, it is desir-
able 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 there-
of ground with a suitable abrasive such as 600
mesh alumina (AlaO3). The abrasive used is not
eritical in that it has been found that other
abrasives such as Cr:0s3, MgO, Va203, SnOz, 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 substantially
altering the final product. 'The surface of the
plate or slab is then etched with a suitable etch-
ing solution which in one modification of our
invention has the following approximate com-
position:
4 parts by volume hydrofiuoric acid (48% re-
agent)
4 parts by volume distilled water
2 parts by volume concentrated nitric acid
200 milligrams Cu(NOz)2 to each 10 ce. of solu-
tion.
Such a solution will satisfactorily etech the sur-
face of. the plates or slabs in about 1 fo 2 min-
utes ‘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 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 etche;
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 ¢hloride in 50 cc. of Hz20 may be used as
an electrolytic bath for etching the alloy surfaces.
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 HNOz and 50 parts H20 by volume. -Using
the alloy as the anode for about 1% minites at
1 to 2 volts will result in & 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-0QU136-.258n. This melt as ap-
pears from the aforesaid designation constitutes
.25 atomic percent tin. The curve identified by
reference numeral { -illustrates the electrical
characteristic of the germanium-tin alloy above
identified in which the surface was ground with
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600 Al20z: but not: etched. The curve. indicated:
by the reference numeral 2 illustrates-the elec::

trical. characteristics- which were-obtained on 2

freshly broken surface of an alloy of the above:

composition'. but. which surface. has not been

etched.. Curve member 3 illustrates the electrical
characteristic of: a- surface. ground- with 600
AliO3:and then-etched-in accordance with the

manner first described.
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 rep-

resenting - the best and poorest” performances,.
respectively, of the particular germanium. tin::
alloy.above identified, after etching. It is to be:

observed.that in this graph the voltage scale in

the.forward direction is' there . expanded by a.
factor-of 10 as: compared to the voltage scale
indicating ‘the "high-back voltage characteristics.
of the alloys of our invention. As indicated,. the-,

currents are given.in milliamperes.
It . will be observed from an examination of
Figure 2 that the: electrical characteristics of a

rectifier using a broken surface exhibit high back o
voltages. and forward conductances within the:

range of values obtained when using ‘a ground
and-etched surface. However, such broken sur-

faces are -shiny  and geometrically irregular so-
that the whisker tends to skid which is undesir-- o

able in- assembling permanent rectifier units.
From Figure 2 it is-apparent that the:high back
voltage and high back resistance properties are
inherent-in:the alloys and that: the etching-is

effective for restoring such properties after:

grinding. Further, 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 at about 5 volts. - Using:the
procedure described abave will occasionally- 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.
The power treatment .
can be effected with the use of either alternating.
By gradually . increasing the :

Y4 to:1 second or longer.

or-direct current.-
voltage applied, and hence the current passed by
the.confact during successive pulses, an optimum
value can be found to produce the maximum back
resistance. for @' given contact. For direct cur-
rent. treatment in the forward direction such. op-

timum current .values range from about 200.to.

- 800 milliamperes. For alternating power treat-

ment the optimum values of forward peak cur--

rent range from about 300 milliamperes to 1000
milliamperes.
current treatment simply by connecting the recti-

fier. in series with a current limiting. resistance.
Dependmgc

and the secondary of a transformer.
upon the size of this current 11m1tmg res1stance
values of 10 to 40 ohms have been used, voltage

pulsés ranging from 7 to 60 volts across the recti- -

fier .and resistance serve to yield the maxmnum
inecrease in back resistance..

Tablé IIT shows the permanent effects of such
power treatment upon a few typiéal ‘rectifiers
using allo‘ys of “our invention and prepared as

"described.” It will be seen from the table that.

the most significant efféct of ‘the power treat-

One can apply such alternating.

40:

50

60"

_single element..

10:
ment:is.the increase:in-the-back resistance as
measured at-about-4.5: volts. This resistance is-
increased by factors ranging from about:10 t0-50-
times: the values. measured - before treatment.

. Relatively: minor:increases of- 10:to 20 ‘per . cent

are-effected-on the peak back voltage: Forward
currents. at one volt-are-in-general - decreased by-‘
amounts ranging from-10 -to 50 per.cent:
"TABLE ITI
Effects-of ‘power treatment

[\Talues before power treatnient are followed in brackets by valueS -
atter power treatment ]

" Forward . - :
] Penk Back' | Current at - | Back Resist-
Alloy used in Rectifier |~ . Voltage.. one volt.. | 4a?ce f]"tt -
; S (wolts) (milli- | T sy
amperes)-- megohms):
24L— 50 Sn 75(105) 9 (4.5) 0.027(3) "
100 (140) |: 11 (6. 5) 230 (4):
95. (115) 13 .(7) 25..(2.5)
80 (95) 6 (6) 15°(8)
100 (120) 8°(8) 05°(0.8)
90 _(115) 24 (10) . 04- (7. 5)
90 (110) 20 (17) 48 (15)
150 -(175) 40 (10} 20 (4)
90 (95) 10-(8) 20 (1)
100 (120) 15-(10. 5) 13-(2)
80-(105) 18 (10) 10 (4)
130 (150) 4 (4) 40 (2)
95-(115) 10 (6)- 20-(3) -
95 (105) 10 (6.4) 40 (7.5)
110 .(120) 15 (10) 20 (3)
90~ (95) 14 (8) - 38-(2:5)
40 (45) 30-(16) .81 (3.9)
_.29U—N2 80 (95) 16 (10) 1.0.(7.5).

It has been demonstrated.above that the high.
back voltage, high. back resistance, and good for-~
ward conductance ‘properties dlsclosed are in-
herent in the. germamum alloys. of our inven-

; 1t10n Modifications . of . surface - treatments or

power treatments as-described above will, how-
ever, vary the magnitude of these properties with-
in: certain general limits. For example, on-a
given. alloy surface, variations in surface: treat-
ment 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 varia-

5 tions: in. treatment partlcularly to. powey - treat-

ment.

The following Table IV summarizes, on.the.
basis..of .all. melts. made .in expenmental work
conducted under: our. 1nvent10n Athe approx1mate
figures. -of the nummum average, and. maximum:
values of . peak back" voltage and forward -cur=-
rent at one volt.which might be expectéd on the:
germanium alloys consisting of the add1t1on of a

TABLE IV

: E _ | Forward Current::
P Filfgf(icﬁtg?lt atone volt

Alloy - a (naxlhamperce) :
Min. | Ave. | Max.| Min. | Ave. | Max. -
B (S 61 N ] 157 7780

80 | - 160, 7 04, 25
751 . 150 5 157 25
7B 18017 5. 10 25.;
50 90~ T1:-15 30 -

50 100 517 12 20
70| 1354 1 15 252

. 65.1100) - 5. 15 25 .
80 1001 - 2 10+ 20

50 | 105 5 12} .15

50 125. 7 13- 20 -
©40¢ 100 10 157 - 30
401 80 -7 10§ .. 200
30| 70, 3 7 15 .

3071 35| - 10| “15F 20
401 04 3115 30 :
401, 75 Ll 5] 40 .

C 25T 404 57015 40
25 6510 10 - 257 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 man-
ner in which the values, within the ranges in-
dicated, are concentrated. For example, the ni-
trogen alloys can usually be expected to have
70 to 90 percent of back peak voltages over 60
volts. Values on the melts are more uniformly
spread within the range of the limits given
above. For the iin melts approximately 50%
of the points on the surfaces thereof will have
voltages above 60 volts. It appears that the
pure germanium alloyed with tin or melted in
an atmosphere of nitrogen represenis the most
advantageous alloy. Following them, alloys of
pure germanium with caleium, strontium or
nickel appear to be in order. It is to be un-
derstood, however, that one skilleq 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 char-
acteristics 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 7 is connected at one end to an
electrode supporting member § with the end of
the whisker in contact with the surface of the
germanium alloy wafer 5. The standard 9 pro-
vides for mounting of the members supporting
the wafer 5 and electrode or whisker T in in-
sulated relation. The rectifier contemplated by
our invention may be of various forms, the only
critical constructional feature bkeing that the
germanium alloy wafer comprising the semi-
conductor, and the whisker for contacting the
surf'ace 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 applica~
tion in any desired circuit for use in the rectifi-
cation 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 mventmn

We claim:

1. 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
semi-conductor consisting of germanium of the
order of 99% purity in combination with at least
one of the elements from the group consisting
of magnesium, caleium, zine, strontium, cad-
mium, and barium, 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 a mixture of germanium having a
purity of the order of 99% and calcium in an
amount of between 0.28 and 2.0 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 fo 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 strontium in an
amount of between 0.5 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
area of contact 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 barium in an
amount of between 0.4 and 0.5 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
area of contact 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 99% with at least one of
the elements from the class consisting of mag-
nesium, caleium, zine, strontium, cadmium, and
barium, applying heat to the mixture to reduce
the mixture to a fluid state, maintaining the
heat for a time period sufficiently long to per-
mit 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 applying contact electrodes
to said wafers.

6. The method of claim 5, including the addi-
tional steps of grinding the severed wafers and
then etching the ground surfaces to provide
optimum contact points for said contacting
electrode members.

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

8. The method of claim 5, including, in addi-
tion, the step of etching a surface of a wafer
cut from the ingot in a solution made up of ap-
proximately 4 parts by volume of hydrofiuorie
acid (48% reagent), 4 parts by volume of- dis-
tilled water, 2 parts by volume of concentrated
nitric acid, and 200 milligrams Cu(NOs) 2 to each
10 ce. of solution for a time period in the general
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 elecirode upon a different surface of the cut
wafer and in substantially point contact there-
with, and then applying electric power between
the electrodes and the wafer.

10. The method of claim 9, including, in addi-
tion, regulating the supplied current in the for-
ward direction through the cut wafer and limit-
ing the current value to the range between 200
and 800 milliamperes applied in pulses of between
Vs to 1 second in length.

11 The method of claim 10, mcludmg, in ad-
dition, the steps of connecting the formed device
in series with a current limiting resistance and a
secondary of a transformer of alternating elec-
tric currents controliing the reak curreni in the
forward directicn to tie order o between 300 and
1000 milliamperes so that the vcltage across the
device and limiting resistance is of, the order of
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between 7 and 60 volts and the limiting resistance
is of the order of 10 to 40 chms and regulating
the period of application of the alternating cur-
rent to intervals varying between % and 1 second
in time duration.

12. The method of claim 5, including electro-
Iytically etching one of said wafers as an anode
in a solution in the proportions of approximately
1 gram stannyl chloride to 50 cc. water for about
1% minutes at about 2% volts.

13. The method of claim 5, including electro-
Iytically etching one of said wafers as an anode
in a solution in the proportions of approximately
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 ares of contact with
said semi-conductor which is large compared to
that of the counter electrode, said semi-conductor
consisting of germanium of the order of 99%
purity in combination with at least one of the
elements from the class consisting of magnesium,
calcium, zine, strontium, cadmium, and barium,
said device having a peak back voltage in the
range in excess of 10 volts and approaching the
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order of 200 volts, the back resistance of said
device being in the order of between 10,000 chms
to several megohms at about 5 volts and the for-
ward current being in the range of between 5 and
40 milliamperes at 1 volt in the low resistance di-
rection of current flow through the device.

15. An electrical device comprising a body of
semi-conducting material consisting essentially
of germanium of the order of 99% purity in com-
bination with at least one element from the group
consisting of magnesium, calcium, zine, stronti-
um, cadmium, and barium, and two electrodes in
electrical contact with said body.

KARL LARK-HOROVITZ.
RANDALL M. WHALEY.
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