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This invention relates to electrical translating
devices and to methods of making them.

The objects of the invention are to improve
the operating characteristics of translating de-~
vices; to increase the capacity of these devices
for transmifting electrical power; to improve
their operation as electrical rectifiers by greatly
increasing the voliages they can withstand with-
oui conducting in the reverse direction; to pro-
lonig their useful Ufe; to enlarge their fleld of
application; to improve the methods of making
them; and in other respects to realize improve-
ments in devices of this characier.

The extension of signaling freguencies in the
radic and sllied arts into the ultra-high fre-
quency renge, where waves of a few centimeters
in length are used for signaling purposes, has
made it necessary o develop new itypes of ap-
paratus for receiving, translating, and utilizing
the signal energy ai these extreme freguencies.
One of the problems has been to devise a satis-
factory itransiating device which is capable of
detecting, converting, or otherwise tramslating
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" were capable of sustaining the power levels re-
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signal waves having frequencies of the order

mentioned. Up to the present time the most :

promising soluiion of this problem has been a
translating or rectifving device of the point-con-
tact type. In one form a fine tungsten wire Is
mounted so that its free end engages fhe suriace
of an element having suitable recilfying proper-
tiss, such as a chunk of crystalline silicon, Morve
specifically the silicon crystal elements of these
prior rectiflers have been prepared by melting
powdered silicon of high purity in a furnace and
cutting the resulting ingot into small wafers
of suitable dimensions. 'The silicon wafer is then
mounted on & terminal block, and the fine
tungsien wire is adjusted so that ifs end makes
a point contact with the surface of the crystal.
While iranslating devices prepared in this
manner have given good results as detectors for
use in converters involving low energy values,
their power-transmitting capacity is definitely
limited, and efforts to increase the applied power
usually destroy the device or cause a permanent
impairment of its efciency. This limitation has
prevented the stceessiul application of these de-
vices to other uses, where larger power levels
are required, notwithstanding the fact that they
are otherwise well qualified for such uses.
example, these point-contact rectifiers would be
admirably suited for use in harmonic producers,
side-band generators, and modulators operating
in the ultra-high frequency range, provided they
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quired for such purposes. : ‘

In accordance with the present invention it is
possible to remove the limitations above dis-
cussed and to extend the utility of point-contact
transiators to & much wider field of application.
These advantages are realized by means of & new
method of preparing the silicon element which
coacts: with the contact point of the tungsten
wire to effect the rectification of the applied
electrical waves. More specifically, the initial
step in the preparation of the rectifying mate-
rial is to prepare an ingot of crystallized silicon
having & very high degree of purity. By carefully
selecting the degree of purlty before fusion, the
material in the upper zone of the ingot is caused
to assume an electrically positive characteristic.
4 slab or wafer of the desired area and thickuess
is now cu$ from this upper zone of the fused
ingot, and one surface of the wafer Is then
polished to an optical finish, The degree of per-

‘fection achieved in the smoothness of the polish

is quite important since it determines in large
measure the ultimate character of the rectifi~.
cation surface. 'The next step is to subject the
polished wafer to a definite and substantially
uniform temperature for a predetermined infer-
val of time in an atmosphere containing oxygen.
This heat treatment causes important changes
to occur ab the surface, and these changes are
accompanied by the formation of a vitreous oxl-
dation layer largely of silica. PFinally the vitreous
oxidation layer is removed by an acid treatment,
exposing a surface which still retains the optical
polish and which is now found to possess superior
electrical properties.

A feature of the invention is the formation of
a thin crystalline layer of high impedance on the
surface of a body composed of high purity silicon,
This feature is believed to be unigue; it retains
the known benefits of a rectifying element made
of commercially available high-purity silicon and
at the same time takes full advantage of the
greatly improved performance incident to the
presence of a high impedance in the rectifier
surface.  Applcant has found that a rectifying
element of substantially chemically pure silicon
is superior in some respects to one of silicon con-
taining the small percentage of impurities usually
present in available high purity silicon material.
However, since chemlcally pure silicon is very
high in electrical resistance, a wafer or element
thereof large enough for use in a practical recti-
fier assembly offers a resistance which is too
high for most purposes. Furthermore, it is ex-
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tremely diffieult in practical metallurgical meth-
ods to eliminate all traces of impurities and
obtain ingots of chemically pure material. Ap-
plicant’s method, therefore, makes it possible {c
prepare the silicon elements or wafers from
avallable high-purity silicon material and to form
on the surface thereof an exiremely thin in-
tegral high-impedance layer having the desired
rectification properties. This thin surface layer
has the relatively high electrical impedance es-
sential to the desired rectification performance,
yet the thickness of this surface layer is such a
minute percentage of the thickness of the wafer
or element that its effect on the total impedance
is small,

Angther feature of the invention is the method
of msaking a translation element in which 2 high-
impedance lsyer of desired thickness is formed
on the reciification surface of a body, from which
it is derived, composed of silicon containing a
small percentage of impurities.

Another feature is a translating device includ-
ing a body of silicon containing a small per-
centage of impurities and having a thin crystal-
Iine layer of predetermined thickness at the sur-
face thereof and a fine contact element making a
woint contact with the surface of this crystal line
layer. )

These and other features of the invention will
e described more fully in the following detailed
specification.

In the drawings accompanying the specifica-
tion:

iis

ofa
31l
a

an enlarged view of a block of fused
nigh degree of purity;

a slaly cut from the block of Fig. 1:
illustrates a mechanism for polishing the
of {he silicon siabs;

g, 4 i1s o furnace for subjecting the silicon
slais for heat treatment;

Pig, 5 is o cross~-sectional view, greatly enlarged,

iustraling the strata formed during the heat
at of the siab;

. G is an sn'arged view of the slab illus-
trating the acid {reatment for removing the sur-
face crust; i

E; 7 i3 an enlarged assembly view of the
transiator;

Figs. 8 and 9 are comparative operating
acteristics; and
10 illustrates one useful application for the
transizting device,

&5 alluded to above there are definite limita-
tions fto the current-carrying capacity of the
polnt-contact silicon rectifiers now available for
use in the microwave field. 'The reason for this
Hmitation relates to the action that takes place
at the point of contact between the silicon crystal
and the fine tungsien wire engaging the surface
thereof. If we assume thai the silicon erystal is
of the positive type, it follows that the fiow of
current through the rectifier results from the
passage of a stream of electrons from the tung-
steri wire to the silicon element. So long as the
transfer between the tungsten wire and the silicon
elewient is comprised of electrons only no physical
impairment results. However, any attempt to in-
crease the current fow above the limiting value
results in the transfer of tungsten atoms as well
ag electrons to the silicon crystal. This con-
tamninates the surface of the silicon and soon im-
pairs the efficiency of the rectifier.

In calculating the current limitation above
mentioned it is agsumed that the mean distance
etween the tungsten point and the silicon sur-
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face is very smali, that is, much less than the
mean free path of an electron in air. Electron
current, therefore, will flow across this short gap
as though it were in a high vacuum.

The velocity of an electron in vacuum is given
by

12Ve

7)::-%/'—”‘— E. S U ‘ (1)

Where

V is the applied voltage,
e is the electronic charge,
m is the mass of the electron.

The current flowing across the gapis
2Ve
m @
Where n is the maximum number of electrons
available at the tungsten surface and is equal {o
the number of tungsten atoms at the surface layer
multiplied by the number of valence electrons,
which is a maximum of 8 for tungsten.

Therefore, n equals 8 muiltiplied by the num-
ber of atoms per square centimeter multiplieg by
the area of the contact point, or

n=8NA 16)]
The approximate number of atoms per square
centimeter can be determined from the radius of

a neutral tungsten atom which is given as 1.37
angstroms. Thus

i=ney==ne

102¢ %
”‘M[(m 1.37)% sine 60°] @
The measured diameter of the tungsten con-
tacting area of rectifiers of the type above men-
tioned was found to average about 8.1 104 cen-

timeters, Thus for a representative specific cal-
culation

—6] i a5 X 10558 108
= LSX(L&?)B.&SG X 10-8==58% )

Substituting the value of % in (2) and insert-
ing the constants, the maximum current becomes

I=5'8>< 107X 4.8X 1010

3X10°
e 3 7738 e ~
a_%%%é 1078 V7 =.085X+/V ampere  (6)
Where

V is the voltage in volts, across the boundary of
the contact area,

The value of V can not be measured directly
because of the potential drop in the silicon itsels,
although it can bz determined indirectly from the
current-voltage curve. The point, no doubt, will
have unequally divided currents due to surface
irregularities. However, neglecting the possi-
bility of non-uniforin current distribution, the
greatest expected current which can How at 2
volts will be about 78 millamperes. Actually the
units show signs of impairment st lower current
values, which is to be expected especially if the
current density at the boundary is not uniform.

The significance of the foregoing calculation is
that the power-carrying capacity of the point-
contact rectifier cannot be increased much, if at
all, by causing the points to carry more current,
Furthermore, the rectifiers now avallable 2lso
have definite voltage limitations. 'This is illus-
trated in Fig. 8, which shows the current-voltage
characteristic of silicon type rectifiers now in use,
From this figure it will be seen that the unit
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commences to pass current in the reverse direec-
tion in response to relatively small values of ap-

piled voitage, and these negative values, of course,

lirnit the useful voltage that can be applied in the
positive direction,

The method discovered by applicant for treat-
ing the silicon elements gives their rectifying
surfaces unique properties and greatly increases
the power-carrying capacity of the rectifiers,
This power increase is made possible by the abil-
ity of the rectifying element to operate at much
higher voltage values without passing current in
the reverse direction. The characteristic of a
rectifier made in accordance with applicant’s
process. is illustrated in Fig, 9. Here it will be
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seen $hat current does not begin to flow in the -
reverse direction until a large value of voltage

is applied. The advantages of this charactenstlc
will be explained hereinafter.
Iin accordance with applicant’s process the in-

nerent impurities which occur in very small per-

centages throughout the body of a silicon slab
cast from available high-purity silicon, are sub-
stantlally excludegd from the extremely thin high-
tmpadance layer formed on the surface of the
slab by the heat treatment. Because of the in-
herent nature of the element silicon and the
. compounds from which it is derived, it is prac-
tically impossible, by the methods now in use, to
obtain one hundred per cent purity in elements
of ervstalline silicon of the sizes suitable for use
in rectifiers. There are 5 sushtantial number of
substances most of them elements which consist-
ently appear as impurities in a body of bhigh-
purity silicon. Elements cut from ingots of the
high-purity silicon commercially available are
rnown t0 have electrical properties which make
them suitable for use in rectifying devices. Al-
though the hody of one of these elements is of
small dimensions it must be traversed by the cur-
rent fowing in the rectifier, and the value of this
surrent is therefore dependent upon the electri-
cai resistance of the silicon body, To make the
glement of chemically pure silicon, even if prac-
tical methods were available for this purpose,
would incresse its resistance to a prohibitive
value. Accordingly, the equivalent of this de-
siraplie end is achieved through the present in-
veniion by forming on the surface of the element
5 layer having the requisite high Impedance
characteristic and vet too small in its dimension
%0 seriously affect the impedance offered to the
signal current undergoing rectification. The
process by which this suface layer is formed in-
cludes a number of steps which will now be ex-
plained.

The first step in the process is to¢ prepare an
ingot of crystallized silicon of the positive type.
The ingot is prepared by fusing powdered silicon
of o high degree of chemical purity in an electric
furnece under carefully regulated conditions.
One suitable method of fusing these high-purity
silicon ingots is disclosed in the application of
J. ¥, Scaf¥, Serial No. 386,835, filed April 4, 1941,
Patent NMumber 2,402,582, dated June 25, 1946.

After the tusion step, the ingot is shaped into
a block 1 of desired dimensions, From the block
{ g5 siab 2 is cul by means of a diamond saw.
While the dimensions of the siab 2 may be varied
¢o suit the requirements, it may be explained that
these siabs may have a thickness of 1 or 2 milli-
meters and a side dimension of 1 or 2 centime-

ters.

Wext the two Iazge faces of the slab € are given
a preliminary smoothing on'a cast-iron iap with
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some suitable abrasive, One of the ﬁat surfaces
of the slab 2 is now fixed to the disc 3 by means
of .shellac or other adhesive material. The dise
3 is then lowered into-a polishing bath 4. until the
other flat surface of the slab 2 rests upon the
surface of the polishing lap . The lap 5, which
is preferably of tin, is provided with a series of
v-shaped concentric grooves and is rotated by
the shaft 6. The shaft 7, to which the disc 3 is
attached, rotates in the same direction as the
shaft 6 but at a different speed and is also ar-
ranged to participate in an oscillatory movement
as indicated by the arrow. The bath 4 consists
of any suitable liquids and .abrasive materials.
By rotating the disc & and lap § in the same
direction at different speeds and by introducing
the oscillatory movement of the disc 3 the sur-
face of the slab 2 is given an extremely smooth
finish or optical polish. 'In fact, when polished in
this manner, it is found that the whole face of
the slab does not vary more than =+ wave-
length of green light and is a Jmost perfectly free
of any signs of scratches.

The next step in the process is to subject the
polished slab to a heat treatment, To this end
it is detached from the disc 3, cleaned, and
placed in the electric furnace 8. The tempera-
ture of the heal chamber is carefully regulated

. by thermostat 9 and is held at 1650° C., for the
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desired length of time. A suitable atmosphere
containing oxygen is maintained in the heat
chamber throughout the period by means of inlet
and outlet pipes {0 and {{ and by suitable ex-
ternal controlling apparatus.

‘The effect of heating the slab 2 under these
conditions is to cause the formation of a vitreous
layer or crust of silicon dioxide, mingled with
crystalline aggregates of silicon, over the polished
surface. This oxidized layer {2, shown highly
magnified in Fig. 5, is derived by the chemical
reaciion between the silicon atoms from the body
of the slab and the oxygen atoms in the chamber
atmosphere. The silicon molecules move up
through the body of the slab and concentrate
at the surface where some of them immediately
combine with the oxygen atoms and form silica,
which deposits on the surface. As the silica
layer (2 develops in thickness migrating silicon
molecules continue to pass up through the silica
layer until they reach the surface and join with
the oxygen atoms in the chamber atmosphere,
a portion of the uncombined molecules forming
crystalline aggregates of the silicon which mingle
with the silica. The concentration of these ag-
gregates increases in the silica layer as the sur-
face is approached. Also the impurities occur-
ring near the surface of the slab, and particularly
the oxides of metal impurities, tend to diffuse
into the silica layer formed on the surface, thus
decreasing the amount of impurities in the layer
immediately beneath the silica covering. The
effect, therefore. of this process is to form at
the polished surface of the slab immediately
under the overlying vitreous crust of silica a thin
integral layer of silicon frorn which substantially
all of the inherent impurities of the material are
excluded. The important characteristics of this
surface layer are, as above noted, its high elec-
trical impedance and its excellent rectification
performance.. :

As above noted, the optimum temperature for
producing this eflect is around 1050 C. At this
temperature the formation of the high~imped-
ance layer takes place at the surface of the slab
without impairing to any great extent the optical
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finish which was glven the polishing process.
At higher temperatures the silicon molecules ap-
pear so rapidly that bubbles form snd physical
irregularities occcur, impairing the fnish of the
surface and rendering the slab unsultable for
best rectification performance,

The thickness of the crystailine layer at the
optical surface of the slab and the thickness
of ihe overlylng vitreous crust are functions of
the time of the heai treatment. As the heai
treatment progresses in time, the crystalline
layer becomes thicker and thicker and likewise
the excess of silicom molecules at the surface
combines with oxygen to progressively increase
the thickness of the vitreous ‘overlying crust,
The time factor of the heat treatment, there-
fore, may be utllized to conirol the electrical
characterisiics of the silicon slab. As an illus-
tration of the fime elements Involved, applicant
has found that & heat freatment of about four
nours gives rectifying eiemenis having excellent
characteristics for certain uses. The layers thus
formed are illustrateq roughly in Fig. 5. The
thin Jayer {8 represents the silicon crystal con-
centration at the oovtical surface of the slap 2;
and the overlying layer 12 of silica is consider-
ably thicker,

The next step In the progess is.io remove the
vitreous layer covering the surface of the heat-
trezted siab to expose the surface layer. To
this end the slab £ is immersed in & bath of

hydrofiuoric acid solution in & wax container 17,
The

rabe ot which the vitreous layer {2 is re-
iepends upon the concentration of the

The length of the acid
is not particwlarly eritical since
the seoid doss not adversely affect the erysialline

i & once the vitreous layer 12 has been

the acid freaiment is completed the slab
removed from the bath and cleaned and
Ba

assemblies. Ag above mentioned, the
ving meaterial thus produced comprises g
4 of substantial thickness consisting of
n of 2 high degree of purity butl containing

small percentage of impurities, including
metallic elements such as aluminum and iron,
1 & thin uniform high-impedance surface
er of crysials with a fAnish that is extremely
smoohh.

The back surface of the siab 2 is now eleciro-
vleted with meisl, such as nickel, and the slab is

then cut inic small individuzl elements .or
wafers. Omne of these wafers, for example the

wafer 33, is then soldered or otherwise afiixed
to the threaded stud {8 of the metallic base (8@
(Fig. 7). The stud 18 iz now screwed into the
ceramic gylinder 28. In a similar manuer, the
stud &f, which is integral with the cap 22, is
firmily screwed into the opposite end of the cyl-
inder 2€. The cap 22 contains = central bore
for receiving the cylindrical contact hoider 28,
The holder 23 is adjusied until the tip end of the
tungsten contact wire 24, the opposite end of
which is soldered into the holder 23, makes con-
tact with the prepared surface of the wafer 23.
When a desired degree of force has been applied
o the contact engagement of the wire 24 with
the silicon wafer, the set screws 25 are tightened
10 selze the holder 23,

As sbove noted, the high power-carrying
capacity of this rectifier makes it especially suit-
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able for a number of applcations. One such
use, illustrated in Fig. 10, is the generation of
harmonic waves. It is well understood that &
generating circuit which is designed to suppress
the flow of current throughout a large part of
the cycle of the applied fundamental wave and
to permit its flow for a brief interval during the
more effective portion of the wave has an output
rich in waves of harmonic frequencies. This
is particularly true if the generating circuit is
capable of passing current during that portion
of the fundamental cycle when the wave is In
the region of its' maximum amplitude. With
this well-understood principle in mind, it will
now pe seen from the characteristic curve shown
in Fig. 9 that applicant’s rectifier is admirably
suited for the generation of harmonic fre-
quencies.

In Fig. 10 a simple harmonic generating circuit
is illustrated including a source of fundamental
frequency 28, a rectifying unit 27, a load resist-
ance 28, a condenser 2§ and s biasing circuit 20.
The biasing battery 34 is poled in such & manner
that it applies a negative biasing potential to the
rectifier 27. 'The effect of this biasing voltage is
to fix the zero line of the applied fundamental
wave at the proper point along the flat portion 32.
of the characteristic curve. In view of the rela~
tively large values of negative voltage required
to cause current to fiow in the reverse direction,
it is possible to adjust the zero line of the funda-
mental wave in such a position that the rectifier
does not pass current oa the positive half-wave

_until near the maximum amplitude thereof. And

this, as was explained above, is the condition
most favorable to the generation of harmonic
frequencies.

What is claimed is:

1. The method of making a translating device
for electric waves of high frequency which com-
prises forming g crystalline body of silicon having
definite electrical characteristics and heat-treat-
ing said body to form on the surface thereof a
layer having electrical characteristics which differ
irom those of the remaining part of said body.

2. The method of making a translating device
for electric waves of high frequency which com-
prises forming a crystalline body of silicon hav-
ing deiinite elecirical characteristics and subject-
ing said body to heat treatment to form on the
surface thereof & thin integral layer of material
having electrical characteristics which differ from
those of the remaining part of said body.

3. The method of making a translating de-
vice for electric waves which comprises forming a
body of crystalline silicon having a definite elec-
trical impedance, and heat-treating said body to
form on the surface thereof a layer having & rela-
tively high electrical impedance.

4. The method of making a translating device
for electric waves which compriseg forming 2
crystalline body of silicon, heat-tresting said body
to form on the surface thereof a thin layer of
high-resistance material, and fixing the duration
and temperature of said heat treatment to con-
trol the thickness of said surface layer.

5. The method of making 3 translating device
ior electric waves which comprises forming a crys-
talline body of silicon having definite electrical
characteristics and heat-treating said body to
form on the surface thereof a thin layer of mate-
rial derived from the body and having a high
electrical impedance. )

6. The method of msking a translating device
for electric waves which comprises forming g crys-
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talline body of silieon heving & smell percentage
of inherent impurities therein, and forming on
the surface of sald body & thin layer of high-
impedance meaterial from which said impuriiies
are substantially excluded.
- 9, The method of making a transiating device
for electric waves which comprises forming a
body of silicon of high purity, subjeciing sald body
to heat at o predetermined femperature to cause
the movement of molecules $o the surface of said
body where @ portion of them oxidize to form a
conting of siica over said surface, the unoxidized
molecules forming & crystalline layer af said sur-
face, and removing sald costing of silica to ex-
pose sald erystaliine surface layer.

8. The method of making & {ranslating device
for ecleciric waves which comprises forming a

body of silicon containing & small percentage of -

impurities, heat-treating sald bedy of silicon in
an atmosphere containing oxyzen {o cause the
formation over the surface thereof of & crust of
sillcon dioxide and the formation at said surface
of & thin crystalline layer, and removing said
crust of silicon diozide with an acid treatment to
expose the erysialline surface layer. :

8. The method of making & translating device
for elecirvic waves which comprises fusing a body

of silicon having & high degree of purity, polishing .

the surface of said body Yo an optical finish, sub-
jecting sald body to heat in an atmosphere of
oxyzen to csuse the formafion over the surface
thereo? of & vitreous layer of silica and the for-
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mation a§ said polished surface of a thin erystal-
line layer, controlling the rate of oxidation by reg-
ulating the temperature, controlling the thickness
of said layer of crystals by the duration of the
heat treatment, and removing said vitreous layer
by an acid treatment to expose the polished sur-
face of crystals.

10. The method of making a translating device
for eleciric waves of high frequency which com-
prises forming & body -of silicon of high purity,
polishing a surface of said body to a2 high degree
of smoothness, subjecting said body to heat at &
temperature of 1050° C. to form a coating of
silica over the polished surface and g thin crys-
talline layer at the polished surface, and remov-
ing said coating of silica by treatment with hydro-
fluoric acid to expose the polished surface of crys-
tals.

11. A traunslator for ultra-high frequency slec~
tric waves including a body of silicon containing
impurities and having a thin integral layer of high
electrical impedance at the surface thereof, and
a fine conducting element making a point con-
tact with said surface layer. )

12. A translator for ultra-high frequency elec-
tric waves including a body of silicon of & high de-
gree of purity said body having a highly polished
surface and & thin uniform crystailine layer at
said polished surface, and a fine conducting ele-

80 ment making a point contact with said crystal

layer. ,
v RUSSELL S. OHL.



