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3,274,304
* METHOD OF MAKING IMPURITY-TYPE SEMI-
CONDRUCTOR ELECTRICAL CONTACTS
Jackson C. Horfon and Harry M, King, Huntsville, Ala.,
assignors to the United States of America as repre-
sented by the Administrator of the National Aeronau-
_tics and Space Adminisfration
Fited Nov. 26, 1963, Ser. No. 326,299
© 3 Claims. (Cl. 264—27)

“The invention described herein may -be manufactured
and used by or for the Government of the United States
of America for governmental purposes wi hout the pay-
ment of any royalties thereon or therefor.

This inventicn relates generally to an assembly for
transferring electrical energy from stationary to moving
paris while simultaneously providing lubrication for the
contacting surfaces. More specifically this invention re-
lates to commutation or c<ollection assemblies such as,
for example, the brush-commutator assemblies found in
electrical motors or generators which will function prop-
erly over an extended period of time in the adverse
environment encountered in outer spacg, and the method
of formiung ihese collection assemblicz,

As is well known in the elecirical energy transfer field,
commuiator or brush assemblies must possess certain
basic electrical and physical properties under all the
operating conditions that are normally to be encountered
during use if proper operation of the assemblyr is to be
obtained. These basic properties include, among other
things, (1) adequate lubrication of the contact surface,
(2} low contact resistance, (3) minimurmn arcing, and (4)
as low a noise factor as possible. Although 21l of these
requirements are important and somewhat interrelated,
perbaps the most important of the four is that relating
to the lubrication of the contact surface.

As is readily apparent, good lubrication between con-
tact surfaces carrying an electrical current is necessary
to prevent the finished surfaces from becoming rough
thus increasing their contact resistance and wear rate.
Since arcing is a function of contact resistance as well
as the conditions of the contacting surfaces, the iubricat-
ing qualities of a brush assembly also has a direct bear-
ing upon the arcing factor existing within an electrical
system. Radio noise or interference with radie frequency
devices in turn is proporiional {a the amount of arcing
within the electrical system. Thus it is seen that if the
electrical contact parts are inadequately lubricated the
life of the parts will be diminished and undesirable radio
interference will be produced.

Brush assemblies for collecting or distributing electrical
current Liave heretofore been constructed predominantly
of carben or graphite which exhibits excellent electrical
conductivity and provides good lubrication for the con-
tacting surfaces over a wide range of cperating condi-
tions. It has been found, however, that brushes formed
of carbon or graphite depend upon absorbed oxygen and
water vapor for their iubricating qualities.

Oxygen has been found to be necessary for good lubri-
cation between moving parts since it must necessarily be
present before any oxide layer can be formed. In the
case where copper is used as the slip ring. oxygen com-
bines with the exposed copper to form a laver of cuprous
oxide (the oxide of monovalent copper) on the order of
2 x 10-% centimeters thick. The formation of this
cuprous oxide layer is aided by the heating of the slip
ring during operation: however, excessive heating,. as
prodaced by arcing, will result in the layer being reduced
to metallic copper and carbon monoxide thereby leaving
a clean copper spot on the slip ring. With an: oxide
layer effectively saturating the surface of the -copper slip
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ring, the bonding energy of the surface of lhe‘Ting is
greatly reduced.
Appdremly the water vapor is necessary in carbon con-

.tacts since it causes an extremely low bonding energy to

exist between crystallites of the graphite due to the satyra-
tion of the crystallite spaces by the vapor. - With the
graphite in this condition, a carbon film is easily de-
posited on the copper slip ring, which has a very low
surface energy as mentioned hereinabove, and the surface
of the contact becomes carbon sliding on carbon. Con-
sequently, where there is adequate moisture and oxygen
in the atmosphere, the presence of these elements at the
contactinz-surface between the brush and collector ring
causes the carbon or graphite in the brush to form a thin
lubricating coating which acts to substantially eliminate
any wear.

From the foregoing it will be r.adxly apparent that the
use of carbon or graphite brushes is restricted to those

instances where water vapor and oxypen pressure are .

at an adequale Jevel. There are numerous instances,
however, in which it is desirable’ to operate dynamo-
electric apparatus where there is little or no oxygen and/
or water vapor present such as exists at high temperatures

or in sub-zero temperatures. Where carbon or graphite-

brushes are employed or dynamoelectric apparatus in
these reduced atmospheric conditions, it has been found
that they wear at a rate so excessive that the operation
of the dvnamoclectric apparatus is severely impaired.
For example, at altitudes of 60,000 feet and higher where
the air pressure may be-less than 50 mm. of mercury
and the moisture present may be so low that the dew
point is below —50° C., ihe operation of the dynamoelec-
tric apparatus utilizing carbon brushes will be erratic
or even cease functioning entirely since the carbon
brushes will wear and dust away completely in a re]am'ely
short period of time.

This problem of developing a suitable brush assembly
for operating where little or no moisture or oxygen is
present received an intense effort toward sclution during
World War I due to its military significance in high alti-
tude aircraft. The solution finally adopted was the use
of a halogen additive to standard graphite, the most com-
mon being barium fluoride. The success of this additive
was based upon the reaction of barium fluoride with the
rctating. surface, normally copper, to produce cuprous
fluoride. This compound of cuprous fluoride was highly
unstable-and immediately decomposed to form cuprous
oxide (on the copper rotating
halogen compound thus maintaining an oxide film on the
copper. This assured the presence of the oxide layer on
the rotzting surface.

Subsequent developments produced carbon brushes with

_inclusions such as cavities, or recessss extending away

from the contact surfaces of the brush. that were filled
with a special non-carbonaceous solid iybricating material
which was adapied to periodically engage the moving sur-
face of z current transfer device. The most common
lubricating material to be incorporated in a brush of this
type was molybdenum disulfide as described, for exa.qple
in the United States Patent No. 2,736,830.

These compound type brushes are generally intended
to operate at altitudes of less than 60,000 feet correspond-
ing to a vacuum of only 54:mm. Hg. Brushes of this
type,have, however, been found totally unacceptable for
use in space probes or like vchicles which operate at
extremely high altitudes. For example, the use of a
compound brush provided with inclusions of melybdenum
disuifide operated in a vacium of 2X 106 mm. He:
(equivalent to an altitude of 450,000 feet) revealed a wear
rate of 0.006 inch/hour. .This would limit the useful life

- of the brush to less than 60 hours.

surface) and the original
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According to th Sent invention, it has been found
that a brush assembly can be produced which gives ex-
cellent electrical conductivity and good lubrication for
contacting surfaces over the wide ranze of operating con-
ditions encountered in space environmernts. This as-
sembly consists, in part, of a semiconductor turrent .car-
rying medium of the tvpe having charge carriers supplied
by impurities delivarately introduced into the host ‘ma-
terial in large quantities. Such a degenerate, impurity-

. type semi-condoctor has been sutcessfully fabricated by
sintering a semi-conductor, such as melybdenum disul-
fide, with a metal, such as copper or silver, at extremely
high temperatures asd pressures to give a current carry-
ing medium of molybdenum disulfide-cuprous sulfide or
molybdenum disulfide silver sulfide and silver. The de-
generate semi-conductor is then cut or otherwise formed
into brushes so that the grain orientation of the material
is parallel to the plane of movement of the brush te be
encountered during operation.

Therefore, the primary object of this invention is to
provide an electrical contact material for use in vacuum
environments.

It is the further object of this invention to provxde a
contact brush for operating in the invironment exising
in outer space which is fabricated from a degenerate, im-
purity-type semi-conductor.

These and further objects and advaniages of this inven-
tion will become more apparent upon reference to the
following specification, claims, and appended drawings
wherein: '

FIGURE 1 is a fragmentary view in elevation of a
commutator and a brush, constructed in accord with
this invention;

FIGURE 2 1s a fragmentary -view in elevation of a
commutaior having a modified brush assembly showing
another arrangement of the laminated layers; and

FIGURE 3 is a view of a commutator device showing
another arrangement of the layers of the brush assembly.

As mentioned hereinabove, the prior accepted method
of fabricating brushes for use up to approximately 60,000
feet consisted of form an aperture or slot in a main
body of carbonaceous
ture. A loose mixture or unsintered molybdenum disul-
fide and a pure metal add ed thereto for forming a con-
ductive path through the molybdenum disulfide was one
form of J]Gn-‘.vml"t/: sceous material used in a compound
brush of this type. "The theory of operation of this com-
pound brush is that under ordmary low zltitude con-
ditions the contact-making role of the brush is assumed
by the carbonacecus material, which is usuaily carbon.
Since the insert of non-carbonaceous material wears at
a rate that is far in excess of the normal rate of the car-
bonacecus part, it dacs uct interfere with the functioning
of the brush. Howes Hitudes of from 30,000 to
60,000 feet ﬁiz\':{l:)’l wmrg little moisture and oxygen
is present the carbonaceous maierial of the brush wears
or “dusts a\ ay r.ze that is similar to the non-car-
bona T This results in an extremely
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heat build-up coused by arcing will be extremely fast and
will shortly result in the complete breakdown and failure
of the brush,
In the present invention, the above mentioned disad-
vantages are overcome and a superior brush assembly

. thereby produced by wutilizing a semi-conductor material

dopcd with more than the optimum amount of added car-
riers. The optimum type and quantities of materials and
the method of producing this superior brush assembly is
obtained in-the Q‘}owmg manner:

A preselecied percentaze by velume of monbdenum di-
sulfide and copper or silver (r.mgmf’ 15% to 99% molyb-
denum disulide y with thé remainder being either copper or
silver,. are \&e':hcd out and placed in a mortar. The

owdered mater ars then mixed with a spatula or with
a pestie, no attempt being made to grind either of the
powdered- materials. Mixing is confinued until the pow-
dered copper or silver appears to be uniformly dispersed
throughout the molybdenum sulfide.

The mixture of powders is then poured into a graphite
mold, care being taken to avoid ses.rcgauon of the par-
ticles. Mold plungers- are now placed in the mold and
a thermocouple introduced into a well in the mold case
wall. The complete mold assembly is now placed in a hot
press furnace and the thermocouple connected to a suit-
able femperature indicator-controller.

A load corresponding to 3500 lbs. per sgnare inch of
plunger cross sectional area is now applied to the plung-
ers. The temperature controller is set at from 1600 to
1700 degrees Fahvenheit and the femperature of the
furnace is aliowed 1o rise as rfmld}y as possible. The load
is maintained on the plungers during the heat-up and for
10 minutes after the control temperature of 1600 to 1700
degrees Fahren has been reached. The load is now
remaoved from the mold assembly removed
from the fur: d the semiconductor material Te-
moved from the mold. The semiconducter material is
now allowed 10 « zmi 10 ambient ternperatore,

X-ray diffraction is of the material produced in
the above manper indi¢ates that no free copper and little
free silver remained in the brush malerial and that the
composition is made up of moiybdenum disulfide and cop-
per sulfide or silver sulfide and silver. Therefore, no
metallic tonductor is present in the case of copper, and
Bittle in the ¢ of silver. Both molybdenum disnifide
and copper de, for example, are classified as semi-
conductors ¢ thus nd:wduauy are poor current car-
riers. Based on these facts it would be expected that a
brush formed from these materials alone would exhibit
high resistance and thus be a poor electrical brush. How-
ever, this was Tound not to be true in the instant case
since the molybdenum disulfide and copper suifide or silver
suifide combined to give a material havir ng a negative tem-
perature co-efficient of resistivity and extremely good con-
ductivity.

The exact
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carrier. {ihe excited electron) in the conduction band, and

a positive charge carrier {the hole rémainin(’) in the

valenge band, both of which may contribute to.conduc-

tion. The number of hole-electron 1‘9"“5 created is de-
pendent on the width of the forbidden band and the

Ferm-Dirac distribution which states the probability that

any of the possible energy states are occupied.

As température is increased, more hole-lectron pairs

Care created, and the resistivity therefore drops. However,
“as the temperature increases, the energy of the phonons in
~the jattice is also increased, resulting in a much greater
prebability of electron-phonon collisions and a resulting
decrease in electron mobility. T’nus, intrinsic conduction
in {he molybdenum disulfied is prim 'aruy by positive holes
and is of such a Jow value as to prohibit the use of
molybdenum disylfide in a pure state current carrying
meditm.

In an intrinsic semi-conductor (dt 0° K.}, the Fermi
level is located half way bDeiween the conduction and
valence bands. However, as the femperatlure increasss,

the width of the energy gap decreases and the Fermi level
shifts away from the midpoint. The Fermi level will move
toward the conduction or valence band depending on
whether the majority carrier becomes electrons or holes.
A change inimpurity concentration will shift the Fermi
level toward the conduction band or valence band de-
pending on whether the impurity is a donor (contributes
electrons) or an acceptor {(accept electrons, i.e., donates
holes). Such a shift in the Fermi level toward the con-
duction band would account for the unexpected results
obtained in the present material,

Initial testing of the hot-pressed molvbdenum disulfide/
metallic powder brushes produced in the above manner
demonstrated that they were considerably superior to
any heretofore known brushes. Improvement in test
results was realized with each brush contzining a suc-
cessively higher percentage of mm_\rboenum disulfide.
Brushes of &0% molybdenum disulfde-209% copper, for
example, were the first. that could be considered to be
acceptable for uvse in space vehicles.
406 hours at a pressure of 4 x 10-7 millimeters of
mercury with little brush wear and no damage to
the commutator. Smooth contact surfaces and a good
lubricating ilm were maintained. The maximum confact
resistance recorded was four (4) ohms. The test was
terminsted prior 1o brush failure in order that the test
equipment could be emploved §oz' ather iests.

Resuits of b"mﬁes composed of ¢0% molybdenum di-
sulfide and 10¢% copper shbowed definite improvements
over the brush m 1“11 ised in the previous test. Brush
wear was almost ﬂs;' ble and the commuialor was
coated with molvbdenum disulfide. Again, the contact
resistance was only four chms. Thc test was terminated
after 710 hours due to failure of the fest assembly bear-
ings. No evidence of brush failure was noted at the
time of the bearinz re.
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group of brushes de at the
SAMe manner, brushes
longer operating
SAMe £roup.
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whose plane of
pressure applied during hot pressing.
brushes lubricated more readily and, hence, ranie sier in
one particular plane orientation with respect to zhe conmi-
mutator surface th n in another plane orientad on. To
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6
substantiate this finding, three sels of brushes were cut,
cach orthogonal to the other two and run in separate tests.
The results of the test were conclusive in sustaining the
existence of a laminar structure,

In order to more clearly illustrate the constraction and
operation-of a brush assembly ¢onstructed in accordance
with this invention, reference is made to the accompany-
ing drawing with initial attention being directed to FIG-
URE 1 which illustrated a brush 18 applied to the com-
mutator surfaces 12 of a dvnamoelectilz machine. The

machine comprises a shaft 14 upon which is mounted a
suitab}e support 16 for retaining computator segments 18.

e shaft 14 is in turn supported by suijtable bearings
(not shown) and is adapted to rotate in a counter-clock-
wise direction as indicated by arrowhead 29,

The brush 10 is formed from a degenerate impurity-
type semiconductor material made in accordance with the
method described hereinabove. In producing the semi-
conductor material, the pressure applied during the sinter-

“ing step was in the direction of the arrowhead 22 which,

as can be seen in FIGURE 1, is parallel to the com-
mutator surfaces 12. For purposes of clarity the lami-
nations produced by the pressure sintering of the material
is picturely shown by the broken lines 24 that run the
width w of the brush 1§, It is to be realired, however,
For
optimum operation, each brush should be formed so that
the laminations 24 are substantially p2rpendicular to and
have a maximum width w along the surface of contact
s0 that the maximum laminate contact surface that the
configuration of the brush will permit is always in contact
with the cummutator surface 12,

FIGURE 2 illustrates a brush which is cut so that the
laminations 24’ are perpendicular to the surface of con-
tact of the commuiator surfaces 12, but as will be noted
the width w of the laminations is less than the maximum
obtainable for this brush configuration. A brush cot in
this manner will, therefore, run rather roughly and tends
to split or separate longitudinally along the Jaminations
24'. In FIGURE 3 a third possible orientation is il-
lustrated in which the laminations 24" are parallel to
the commutator surface. Although this cenfiguration
ran easily it tends to separate prcmature]v along the
laminations 24"

Numerous other brushes, which were produced with
the hot pressing temperature varied over a range extend-
ing from about 1600° F. to 1900° F. (limits of sintering
temperature), were cut and tested to determine if the
temperature oi-formation effected the laminar structure.
No appreciable difference in the operating characteristics
of the brushes produced under ihese varying conditions
could be detected.

Once the proper method of forming :—xrd cutting the
degenerate Impurity-tvpe semi-conductor malerial was
known, additional attention was given to further improv-
ing the quality of the material by reducing ity specific re-
sisfivity. It was known that if such a reduction could be
accomplished that the overall propertics of the material
for uses #S a carrent Carrving < t material would be
greatly inmcreased. It was fou that this reduction in
resistivity could bL pmd:c ;mjdci’u a cnrrcm
through the
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a novel method of producing, forming dnd ireating such

a semi-conductor. The use of both the proper degree of
heat and pressure during the forming of the degenerate
semi-conductor causes the metallic additives o enter the
molybdenum disulfide substitionally, thereby forming the
degenerate semi-conductor material. In the absence of

such heat and pressure no re-orientation of the element ™

would occur and the novel semi-conductor would not
be produced. By properly observing the orientation of
the laminar structure of the novel semi-conductor, it is
possible to form contact surfaces having various mechani-
cal strength, wear resistance, and electrical properties.
Furthermore, the present invention tedches how the resist-
ance of the semi-conductor contact material can be re-
duced by smmly exposing it to a temperature rise of §0°~
100° C. that is self induced by passing a predetermined
current through the material.

The invention may be embodied in oiler specific forms
without departing from the spirit of essential character-
istics thereof. The present embodiments are therefore to
be considered in all respect as illustrative and not restric-
tive, the scope of the invention being indicated by the ap-

pended claims rather than by the foregoing description,

and all changes would come within the meaning and range
of equivalency of the cluims are therefore u,.e'!ded to be
embraced therein.

What is claimed and desired to be secured by the

United States Letters Patent is:

1. A method of making an impm‘i[y -type semiconducior

electrical contact brush, comprising

(a) mixing from 15 to 99 pergent by volume of pow-
dered moelybdenum disulphide with from 1 to 85 per-
cent by volume of a powdered metal selected from a
group of copper, silver, and mixtures thereof;

(b) placing said mixture in a mold;

(c) compacting said mixture by pressure applied in one
direction at approximately 3500 pounds per square
inch;

(d) firing said mixture at a sufficiently high tempera-
ture and for a period of time 0 coavert said mixture
into a sintered block of overly doped anisotropic
molvbdenum disulphide;

(e) removing said block from said mold for cooling to
ambient temperature;

(f) shaping said block into the desired fornt of an elec-
trical contact brush so that its plane of laminations
are subsiantially perpendicular to and have a maxi-
nium width a]ong the surface to be contacled by said
brush;

(g) passing an electrica] current through said block of
sufficient strength to product a temperature rise of
from 80 to 100 degrees centigrade; and

&
cal current and allowing salc
block o cool to ambient femperiiure thereby pro-
ducing a Iattic reorieniation cue to intrinsic heating
and thereby lowering the specific resistivity of said
5 - brush,
2. A method of Iowermv the specific resistivity of an
elecirical brush composed of a sintered mixture consisting
. of molybdenum disuiphide and a metallic powder select-
ed from a group tonsisting of silver, copper, ard mixtures
thereof; comprising: ’

(u) passing an electrical corrent through said brush of
sufiicient .strength to-produce a temperature rise of
from 80 to 100 degrees centigrade; and

(b) stopping said current pﬁscire through said brush so-
said brush is allowed to cool to amblent temperature.

3. A method of making an impurity-type semicenductor

electrical contact brush, comprising:

(a) mixing from 15 to 99 percent by volume of ‘pow-
dered molybdenum disulphide with from 1 to 85
percent by volume of a powdered metal selected
from a group of copper, silver, and mixtures theveof;

(b) compacting said mixture by pressure applied in one
direction;

(c) firing said mixture at a sufficiently high tempera- _
ture and fora period of time to convert said mixture
into a sintered block of overly doped anisctropic
molybdenum disulphide;

(d) cooling said block to ambient {Pmpcratl_re

(e) pqsww an electrical corrent through said block
of sufiicient strengih to produce a temperature rise
of from 80 to 100 degrees centigrade; and

(f) removing said electrical current and allowing said
block to cool to ambient temperature thereby pro-
ducing a lattice reorientation due to inirinsic heating

- and thereby lowering the specific resistivity of said
block.

(L) removing said eleci
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