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1 22 Claims.
This invention relates to electric circuit ele-
ments including semiconductive materials and
to methods of making such materials. :
. 'The materials of particular interest are those
semiconductors the electrical characteristics of
-which are markedly affected by the inclusion
therein of very small amounts of significant im-
purities. The expression “significant impurities”
is here used to denote those impurities which
affect the electrical characteristics of the mate-
rial such as the resistivity, photosensitivity, recti-
fication and the like, as distinguished from other
impurities which have no apparent affect on these
characteristics. The term “impurities” is in-
tended to include intentionally added constituents
as well as any which may be in the basic
material. Silicon is a material, which along with
some representative impurities, will furnish illus-
trative examples for discussion and explanation
of this invention. .
Silicon materials of various degrees of purity
have been used in the making of elements for
point contact rectifiers and like devices and also
photovoltaic devices. Silicon of over 99 per cent
purity has been melted and cast into ingots under
controlied conditions insuring progressive freez-
ing from one end of the ingot to the other. In
~ such ingots there is a first frozen region of p-type
silicon, a later frozen region of n-type silicon,
and an intermediate - high resistance barrier,
which develops a photoelectromotive force upon
illumination. A p-type rectifying material is one
which when used with a suitable contact, passes
curreni more easily when the material is posi-
tive and the contact is negative. An n-type rec-
tifying material passes current more easily. when
the material is negative and the contact is posi-
tive. P-type materials also develop positive ther-
mal electromotive forces against metals and have
Hall coefficients of positive sign while the con-
_verse is true of n-type materials.

One object of this invention is to produce
materials having new and advantageous charac-
teristics, suitable for use in electrical circuit ele-
ments.

Another object of this invention is to facilitate
the production of materials, such as silicon con-
taining one or more impurities, having prescribed
electrical characteristics.

A further object of this invention is to simplify
the production of alloys of a semiconductive ma-
terial and an impurity, having uniform electrical

- characteristics.

A feature of this invention resides in control-

ling the relative amount of acceptor and donor
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hnpurities in the smcon or like material. to pro-
duce p-type or n-type rectifying material or
both, or photovoltaic material, and to determine

‘ the resistivity characteristics ofeach type of rec-

tifier material.

The impurities which produce silicon of n-type
are called donors inasmuch as these impurities
contribute to the electrical conductivity by donat-
ing electrons to an unfilled” energy band in
the silicon. On the other hand, impurities which
produce p-type silicon are known as acceptors
for these impurities contribute to the electrical
conductivity by accepting electrons from a filled
energy band, permitting what is known as con-
ductivity by holes in* which the'sign of the car-
riers appears to be positive.

It has been found that boron and aluminum
are acceptor impurities in silicon,’and that phos-
phorus, antimony and arsenic' are donor im-
impurities. For purposes of discusslon this in-
vention will be set forth in terms of the relative

. effect of two of these 1mpur1ties namely, boron
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and phosphorus. -
The above noted and qther objects and fea-
tures .of this invention will bé more fully and

.clearly understood from the following detailed

30

35

40

45

50

55

description of illustrative embodiments thereof
in connection with the appended drawings in
which:

Fig. 1 is a conventionalized showlng of ingot
sections illustrating features of this invention;

Fig. 2 illustrates graphically the distribution of
alloying elements in a silicon ingot;

Fig. 3 is a sectional view of a point contact
rectifier including a crystal element made in ac- -
cordance with this invention;

Fig. 4 Is & perspective view with parts broken

’away illustrating a photovoltaic.cell of the front

wall type in accordance with this-invention; and

Fig. 5 is a view in elevation of an edge illumi-
nated photocell in accordance with this inven-
tion.

Silicon materials suitable for contact rectifica-
tion elements and other. electric circuit elements
are made by melting the materials and casting
them in a mold to form an ingot. from which the
circuit elements are made. It -has been found
advantageous with these materials to control the
cooling of the melt so that freezing progresses
from the free surface inwardly. For normal
orientation of molds this is a progressive freez-
ing from top to bottom. In view. of such pro-
cedure, this invention is discussed and disclosed
on the basis of tor to bottom .freezing.

As illustrated in Fig. 1 if a very small amount



2,567,970

. 3 .

" (a few thousandths of 1 per cent) of an acceptor
impurity such as boron is added to pure silicon
the resulting ingot is entirely of p-type material.
Furthermore, if a- comparable amount of a dounor
impurity such as phosphorus is added to pure sili-
con the ingot contains only n-type material, 1f,
however, proper relative amounts of both accep-
tor and donor impurities, e. g. boron and phos-
phorus, are added to pure silicon, the top part
of the ingot (first frozen) contains a molar ex-
cess of boron and is of p-type and the lower part
contains a molar excess of phosphorus and is of
n-type. At that region of the ingot where boron
and phosphorus appear to be\ipresent in egual
molar quantities, the materialis of high resist=-
ance and exhibits a photovoltaic effect when ex-
posed to suitable radiation. :

Segregation of the impurities In each case is
normal, there being the least impurity in the
early frozen top part with an increase in impurity
as the bottom is approached. This is illustrated
for boron and phosphorus respectively in curves
A and B of Fig. 2. Furthermore the resistivity of
each of the single impurity alloys decreases from
top to bottom of the ingot, that is with increase
in impurity. . :

When both boron and phosphorus are added to
the silicon, distribution of each throughout the
ingot is normal, i. e. increase in impurity with
depth in the ingot. However, when both boron
and phosphorus are present in the melt the re-
sistivity distribution in the ingot does not follow
the previously noted pattern for single impurities.
1f, for example, the relative amounts of boron and
phosphorus are such that both p and n-type ma-
terial are formed, the first frozen p-type material
is of relatively low resistivity and the resistivity
increases with depth to a high value at the bar-
rier between p-type and n-type material. With
further increase in depth the resistivity decreases
to a low value at the bottom of the ingot. This
seemingly anomalous resistivity distribution is, as
discovered by applicants, due to the fact that
boron and phosphorus have a neutralizing effect
on each other as to resistivity and cause the for-
mation of the high resistivity, photosensitive bar-
rier between the two types of rectifying material
when present in electrically equivalent amounts.
The electrical equivalency appears to correspond

to the presence of equal molar amounts of the two 5

impurities.

Since, as illustrated in curves A and B of
Fig. 2, phosphorus appears to segregate at a
higher rate than boron, the addition of suitable
amounts of each to the silicon resulfs in excess
molar amounts of boron in the upper part of
the ingot and excess molar amounts of phos-
phorous in the lower part. This is illustrated
in curves C and D which indicate respectively
molar excesses of boron and of phosphorus.
Thus, since it is the molar excess of either im-
purity that controls the resistivity, the apparent-
1y anomalous resistivity distribution is explained.

Looking again at Fig. 2, it will be seen that
if the amount of boron is increased keeping the
phosphorus the same, curve A will be moved to
the right, the difference curve C also will move
to the right, and. the intersection of A and B
downward. The ingot will contain more p-type
material of lower average resistivity due to a
greater excess of the boron. Also, if the phos-
phorus is decreased keeping the boron constant,
the curve B will shift to the left, the difference
curve C to the right and the intersection of A and
B downward. As in the other case the excess
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boron gives more p-type material of lower av-
erage resistivity. -

The curves of Fig. 2 are based on observations
made on & plurality of ingots made with different
total and relative amounts of impurities. For
example since on a molar basis .00035 per cent
boron is equivalent to .001 per cent phosphorus,
a 45 gram ingot, which was made with silicon
containing .001 per cent phosphorus and .0005
per cent boron, had a boron excess of .00015 per
cent. Examination of this ingot revealed that
the upper two-thirds (about 30 grams) Wwas
p-type material and the lower one-third (about
15 grams) was n-type material. The boundary
region between the different-materials was found
to exhibit photovoltaic properties. )

Other ingots have been made from silicon con-
taining on the average .0085 per cent phosphorus
(from .007 to .01 per cent) with different amounts
of boron. For example with approximately .005

. per cent boron slightly over half of the ingot was

p-type; with approximately .006 per cent horon
about three-fourths was p-type; with approxi-
mately .008 per cent boron nearly nine-tenths
was p-type and with approximately .015 per cent
boron the whole ingot was p-type. Another in-
got containing .00085 per cent phosphorus and
.0015 per cent boron was of substantially all
p-type material.

Bearing in mind that .001 per cent phosphorus
is equivalent to .00035 per cent boron on a molar
basis, the boron equivalent for the .0085 per cent
phosphorus and .00085 per cent phosphorus of
two of these ingots is about .003 and .0003 per
cent respectively. Thus the molar ratio of boron
to phosphorus in the ingots containing 015 per
cent boron and .0085 per cent phosphorus or
0015 per cent boron and .00085 per cent phos-
phorus is about 5 to 1. Furthermore the- resis-
tivity is substantially uniform throughout each
of these two ingots, being about .01 ochm-centi-
meter for the .0085 per cent phosphorus-.015
per cent boron material and about .06 ohm-
centimeter for the..00085 per cent phosphorus-
0015 per cent boron material. In the other
examples given above, all containing about .0085
per .cent phosphorus, the resistivity gradient
from top to bottom of the p-type region ranged
from .08 to .34 ohm-centimeter for the .005 per
cent boron material to from .03 to .07 ohm-
centimeter for the .008 per cent boron material.

The ingots were made by comelting the silicon
with the requisite amounts of boron and of phos-
phorus in a crucible enclosed in an electrically
heated furnace chamber. The atmosphere in
the chamber was helium. The arrangement was
such that the chamber could be gradually with-
drawn from the heating means so that the ingot
solidified slowly from the top or free surface
downward. A uniform rate of withdrawal of
about one-eighth inch per minute, which has
beenn found to give ingots of desired physical
characteristics was found suitable for obtaining
the electrical characteristics sought.

The slow progressive cooling allows ordered
segregation of the impurities throughout the
ingot so that advantage may be taken of dif-
ferent segregation rates of the impurities as has
been discussed with respect to the curves of
Fig. 2. :

As indicated by the foregoing examples it has
been' found that the resistivity gradient in the
ingot can be controlled by controlling the boron
to phosphorus ratio. By maintaining this ratio
at an optimum value, the resistivity gradient
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may be so reduced that there is little variation
in"the resistivity between the top and the bot-
tom of the p-type zone. It has been found that
‘this optimum ratio of boron to phosphorus is
about 5 to 1 on a molar basis. The excess of
boron may be such, when this ratio is main-
. tained, that the ingot is entirely of p-type ma-
terial all of approximately the same resistivity.
Thus, by maintaining the optimum ratio and
_changing the total amount of the two impurities,
a plurality of ingots having a range of resis-
tivity values may be made, each ingot compris-
ing material of substantially the same resistivity
throughout its p-type zone. The various appli-
_cations of crystal rectifiers are such that the
ability to make ingots with substantially uniform
desired resistivity throughout greatly facilitates
the production of such devices. Moreover, for
other uses, as in resistance elements for example,
uniformity of resistivity throughout a massive
section is & prime requirement.

The device shown in Fig. 3 is a point contact
rectifier employing a silicon crystal 10 to which
the' point of the fine wire I{ makes rectifying
contact. The parts 10 and . Il are secured to
suitable supports (2 and 13 which are in turn
supported by the insulating body 4. Electrical
connection is made to the device at the base 15
and at the terminal (6. The crystal (0 is of
 highly pure silicon containing: enough donor or
.acceptor impurity or both in accordance with
‘this invention to obtain the desired electrical
characteristics.

On the basis of the dlscoveries of this inven-
tion photosensitive devices of the face illumi-
nation or front wall type as illustrated in Fig.
4 may be made of suitably alloyed silicon ma-
‘terial. The main body 20 shown in Fig. 4 may
comprise p or n-type material having a thin
film 21 of the opposite type material, i. e. n or
.p respectively, on one face. Between the body
"20 and the film 2/ is the photovoltaic barrier 22.
The thin film 2f transmits sufficient radiant
energy to affect the barrier 22. Electrical con-
“tact may be made to the device by means of the
metallic ring 23 and the metallic film 24 secured
to opposite faces of the body 20. The film 24
msy be made from a heat-cured silver paste
comprising finely divided silver, a small amount
of binder and a volatile solvent.

The crystal elements for devices such as shown
in Fig. 4 may be made from a piece of p-type
.sllicon, e. g. one containing an acceptor impurity
such as boron, by a surface treatment with a
donor impurity such as phosphorus. The treat-
_ment produces a very thin, light permeable film
~of n-type silicon at the surface with the photo-

" voltaie barrier between this film and the main
body of p-type material. This process could
.also be applied to a piece of n-type material by
.adding enough acceptor material to the surface
‘to produce a light permeable film of p-type ma-
terial and the photovoltaic barrier between this
film and the n-type material.

One particular way of making such a photo-
cell element is to seal a body of p-type silicon
in an evacuated silica tube with some yellow
phosphorus. The tube may then be heated at
from 650 to 1000° C. for from. one-half to four
hours. The body thus treated exhibits a bluish
film which has n-type rectification properties.
Exposure to light also reveals the photovoltaic
properties of the barrier layer.

Another method of producing the photovoltaic

- barrier starts with a p-type silicon known to.con-
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.boron and phosphorus.

6
tain both acceptor and donor impurities such as
A surface is polished .
and heat treated in water saturated air, or steam

.at 1000° C. The resulting oxide layer may then
.be etched off with a hydrofluoric acid solution.

Boron is thus removed by selective oxidation
from the surface of the material. Several suc-
cessive heat treatments and etchings may be
required to remove sufficient boron to produce
an n-type film on the surface with the underlying
photovoltaic barrier.

The device illustrated in Fig. 5 is a photocell of
the edge illuminated type. The cell may com-
prise a body or block of semiconductive material
including a p-type portion 30 and an n-type por-
tion 3{ with a barrier layer 32 between them.
The outer faces of the device may each be coated
with metallic films or electrodes 33 and 34 re-
spectively. These may be made from any suit-
able material such as the silver paste used in.the
device shown in Fig. 4. Wires or other suitable
conductors such as 35 and 368 may be secured to
the respective metallic films as by soldering.
Suitable illumination of the barrier 32 will pro-
duce a photovoltaic effect in this cell. The semi~
conductive body for this type of cell may be made
from an ingot containing both p and n-type ma-
terials by cutting out a section including the
barrier layer and some of each type of material.

Although the results obtained by the addition
or retention of the various significant impurities
are attributable to the elemental material used,
e. g. chosphorus or boron, it is not necessary that
these-materials be added in the elemental form.
Like effects may be obtained by the addition of
suitable compounds containing the significant im-
purities, e. g. a phosphate or borate or any com-
pound that does not include material deleterious
to the produci being produced and that will
yield the element in effective character during
processing.

The ability, in accordance with the teachings
of this invention, to determine the reetifying and
other electrical characteristics of semiconductors
by control of small amounts of acceptor and
donor impurities in such semiconductors may also
be used in the making of other circuit elements
such as solid rectifiers and edge-illuminated type
photocells.

As has been noted the various effects produced
by the addition of boron and phosphorus to sili-
con are due to very small quantities of these
materials. The amount of either impurity may
range between less than about .001 per cent to
about .01 per cent, the total and relative amounts
being determined by the parucular effect de-
sired.

Although this invention has been descrlbed by
means of exemplary embodiments, it will be un-
derstood that it is not limited thereby but by
the scope of the appended claims only.

What is claimed is:

1. The method of making a body of semicon-
ductive material having a zone of p-type rectify-

_ing material, a zone of n-type rectifying material

and an intermediate barrier layer of photovoltaic
material that comprises melting high purity sili-
con with very small amounts of both acceptor
and donor impurities, and cooling the melt pro-
gressively so that the impurities segregate at dif-

- ferent rates to form the p-type zone in which

the acceptor impurity predominates, the n-type
zone in which the donor impurity predominates
and the intermediate photovoltaic layer. in. which
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the acceptor and donor impurities are present in
electrically equivalent amounts. )

2. The method of making a body of semicon-
ductive material having a zone of p-type rectify-
ing material, a zone of n-type rectifying material
and an intermediate barrier layer of photovoltaic
material that comprises melting high purity sili-
con with very small amounts. of both acceptor
and donor impurities, selected respectively from
the third and the fifth periodic groups according
to Mendeleeff and cooling the melt progressively
so that the impurities segregate at different rates

_to form the p-type zone in which the acceptor
impurity predominates, the n-type zone in which
the donor impurity predominates and the inter-
mediaté photovoltaic layer in which the acceptor
and donor impurities are present in' electrically
equivalent amounts. '

3. The method of making a body of semicon-
ductive material having a zone of p-type rectify-
ing material, a zone of n-type rectifying material
and an intermediate barrier layer of photoveltaic
material that comprises melting high purity sili-
con with very small amounts of both acceptor
and donor impurities, selected respectively from
a group consisting of boron and aluminum and
& group consisting of phosphorus, . arsenic and
antimony, and cooling the melt progressively so
that the impurities segregate at different rates to
form the p-iype zone in which the acceptor im-
purity predominates, the n-type zone in which
the donor impurity predominates and the in-
termediate photovoltaic layer in which theé ac-
ceptor and donor impurities are present in elec-
trically equivalent amounts. .

4. The method of making a body of -semicon-
ductive material having a zone of p-type recti-
fying material, a zone of n-type rectifying ma-=
terial and an intermediate barrier layer of photo-
voltaic material that comprises melting high pur-
ity silicon with very small amounts of both boron
and phosphorus, and cooling the melt progres-
sively so that the impurities segregate at dif-
ferent rates to form the p-type zone in which

the boron predominates, the n-type zone in which

the phosphorus predominates end the interme-
diate photovoltaic layer in which the boron and
phosphorus are present in electrically equival-
ent amounts. . . -

5. The method of making a semiconductive
element having front wall type photovoltaic char-
acteristics that comprises chemically treating the
surface of a body of either rectifying type of
silicon to produce an acceptor-donor impurity
balance in the material adjacent the surface of
the body whereby a photovoltaic layer is formed.

b

8
ment having front wall type photovoltaic char-
acteristics that comprises chemically altering e
surface layer of & body of p-type rectifying sili-
con containing both acceptor and donor impuri-
ties to change the surface layer to n-type sili-

.con and to produce an acceptor-donor impurity
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balance in the material adjacent to the surface
of the body, whereby a photovoltaic layer is
formed. ' ' "
10. The method of making a front wall tyn
photovoltaic cell element, that comprises treat-
ing a surface of a body of p-type -rectifying sili-
con with phosphorus to change the surface to
n-type silicon and the immediately underlying
layer to high resistance photovoltaic material.
11. The method of making a front wall type
photovoliaic cell that comprises treating the sur-
face of a body of p-type silicon containing both
boron and phosphorus impurities by selectively

.oxidizing boron from said surface to produce n-

type silicon with a photovoltaic layer thereun-
der. - -

12. The step in the method of making an elec-
trical translating material by comelting and cast-
ing silicon with very small amounts of boron and
phosphorus o produce substantially uniform re-

sistivity throughout the zone of p-type mate-

‘rial, that comprises setting the ratio of boron

.30

40

6. A photovoltaic cell of the front wall type

comprising a body of silicon rectifying material
having a light permeable surface which has been
converted to rectifying material of the opposite
type to that of the body, and an underlying
prhotovoltaic layer. '

7. A photovoltaic cell of the front wall type
comprising a body of n-type silicon rectifying
material having s light permeable surface of p-
type material which has been converted from
said n-type material, and an underlying photo-
voltaic layer.

8. A photovoltaic cell of the front wall type
comprising a body of p-type silicon rectifying
material having a light permeable surface of n-
type material which has been converted from the
p-type material, and an underlying photovoltalc
layer.

9. The method of making a semiconductive ele-

to phosphorus in the melt at about 5 to 1. :

13. In a method of making semiconducting ma-
terial for translating devices that comprises melt-
ing together and easting silicon with very small
amounts of boron and phosphorus, the step of
maintaining substantially uniform resistivity
throughout the p-type zone of the cast material
that comprises employing a boron to phosphorus
ratio of about 5 to 1.

14. The method of controlling the sign of rec-
tification and the resistivity of rectifying mate-
rial comprising an elemental material plus a very
small amount of significant impurities that com-
prises regulating the relative and total amounts
of ‘acceptor and donor impurities in the material.

15. A rectifier comprising a body of an alloy of
phosphorous, boron and silicon containing up to
.01 per cent phosphorus and up to .01 per cenb
boron. .

16. An n-type rectifying material comprising a
silicon alloy including very small amounts of
boron and phosphorus, the phosphorus being in
molar excess of the boron. o , E

17. A p-type rectifying material comprising 8
silicon alloy including very small amounts of
boron and phosphorus, the boron being in molar
excess of the phosphorus. : L

18. 'The method of making an ingot of p-type
semiconductive material having substantially

. uniform .electrical characteristics throughout

70
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that comprises comelting a p-type semiconduc-
tive material containing an sacceptor impurity
with a donor impurity, the ratio of acceptor to
donor impurity being such that the effect of the
acceptor impurity on the electrical characteris-
tics of the resulting material remains’ dominant
but is partially neutralized by the donor impurity,
and controlling the cooling of the melt to main-
tain the acceptor dominance at substantially the -
same value throughout the ingot. '

19: The method of making a semiconducting
material that comprises adding to a basic mate-
rial small amounts of both donor and acceptor
constituents with the acceptor constituent in ex-
cess, and melting and then cooling the mixture so
that the donor constituent segregates at a faster
rate than the acceptor, whereby improved uni-
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formity of electrical characteristics throughout
the material is obtained.

20, The method of making a semiconductor
material of uniform electrical characteristics that
comprises adjusting the relative amount of donor
and acceptor impurity in the material so that one
is in excess of the other, melting the mixture, and
then solidifying it in such a manner that the
major impurity segregates at a slower rate than
the minor impurity. '

21. The method of making a semiconductive
element which comprises heating a body of semi-
conductive material containing an excess of one
conductivity type determining impurity in the
presence of the opposite conductivity type deter-
mining impurity to effect a conversion in the con-
ductivity type of a surface layer of the body.

10
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22, The method of making a semiconductive
element which comprises introducing into a sur-
face region of a body of silicon material contain-
ing an excess of one conductivity type determin-
ing impurity, a quantity of the opposite conduc-
tivity type determining impurity to convert the
conductivity type of said surface region.

JACK H. SCAFF.
HENRY C. THEUERER.
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