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METHOD OF MAKENG THE SAME

0

29 Claims. (Cl. 148-1.5)

My invention relates to semiconductor devices, and
more particularly, to semiconductor devices which utilize
Inonocrystalline semiconductor bodies, known as P-N
junction units having a first region possessing P-type
conductivity characteristics, a second region possessing
N-type conductivity characteristics, and an intermediate
intrinsic region possessing neither P- nor N-type conduc
tivity characteristics, such region constituting a P-N junc

tion. This application is a continuation-in-part of my
copending application Serial No. 383,348, filed Septem
ber 30, 1953, which is a continuation-in-part of my
application Serial No. 304,203, filed August 13, 1952
and now abandoned, both of which applications are
assigned to the same assignee as the present invention.
Semiconductors, such as germanium and silicon, are

materials which are neither metals nor insulators. As
used herein, the term "semiconductor' denotes an ele

ment possessing electronic conduction characteristics, that
is, in which conductivity is carried on by either an excess
or a deficiency of electrons. Semiconductors possess
resistivities intermediate between the low resistivity of
metals and the high resistivity of insulators. In semi
conductors, the electrical charge carrier concentration
increases with increases in temperature over a substantial
temperature range. Semiconductors have become con
ventionally classified as either positive (P-type), or nega
tive (N-type), or intrinsic (neither positive nor negative),
depending primarily upon the type and sign of their
predominant conduciton carriers. In P-type semiconduc
tors, the direction of rectification as well as the polarity,
of generated voltages such as thermoelectric, photoelec
tric or Hall effect voltage, are all opposite to that pro
duced with N-type semiconductors. According to pre
vailing theory, conduction in N-type materials is carried
on by electrons and is due to the free movement thereof
through the crystal lattice; while conduction in P-type
materials is primarily by means of the movement of elec
tron vacancies or "positive holes."

5
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of one type or another.
It has been known for some time that if a semiconduc

tor body is produced having a P-type region adjoining
an N-type region to form a thin intrinsic semiconductor
junction region or layer, the resulting "P-N junction unit"
possesses remarkable rectifying, thermoelectric, and pho

toelectric properties. A current may be passed easily in
only one direction through such units, and a potential
More recently, it has been found that a semiconductor

body having a region of one conductivity, type adjoining
two regions of opposite conductivity type to form two
intrinsic P-N junction regions can be used in a three
terminal device known as a "transistor' to provide cur
rent, voltage, and power amplification. These amplify
ing semiconductor bodies have become known as P-N-P
or N-P-N junction units in accord with the distribution
of their P-type and N-type regions. The three terminal

semiconductor devices utilizing such double junction units

30

have become known as "large area' or “P-N junction
type' transistors in order to distinguish them from
transistors in which two small area rectifying regions

provided by point-contacting electrodes serve the pur
pose of such P-N junction regions.
35
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The optimum back-to-forward resistance ratio, capaci
tance, peak inverse voltage rating, and other electrical
characteristics desired for each P-N junction region of

such single or multiple-junction units depends upon their
destined use and varies to a considerable extent between
units destined for different purposes. Because of the
extreme and unusual sensitivity of the electrical char
acteristics of crystalline semiconductors to the presence
of minute traces of impurities and because of the del
eterious effect of crystal boundaries or minor lattice
distortions upon the electrical properties of the P-N.
junction region, it has heretofore been virtually impossible.
intentionally and predictably to reproduce P-N junction

units having predetermined optimum electrical character
istics desired for certain destined uses. In particular,

50

It has been found that the determinant of whether a

acteristics lies primarily in the type of impurity elements

present in the semiconductor.

Some impurity elements called "donors" usually having

it has been heretofore virtually impossible to provide a
P-N junction type transistor having the optimum elec
trical characteristics at each junction for use as a high
frequency amplifier. In such transistors, one: P-N junc
tion, known as the "collector" junction, through which
output current passes should preferably have a gradual
variation across the junction from high impurity, con
tent of one type, such as donors, to high impurity con
tent of opposite type, such as acceptors, to provide a

wide gradual rectifying barrier, with high impedance,

60

Other impurity elements, called "acceptors," having a

lower valence than the semiconductor, function to ab

sorb electrons from the semiconductor crystal lattice to
create a P-type semiconductor with deficiency of elec
trons, or an excess of "positive holes.” An intrinsic
semiconductor which is a semiconductor that exhibits

2
arsenic, falling in group V of the periodic table, are ex
amples of "donor" impurities for germanium and silicon,
while boron, aluminum, gallium and indium, falling in
group III of the periodic table, are examples of acceptor
impurities for germanium and silicon. Only minute
traces of these impurities, less than 1 part per million,

difference may be generated between the P- and N-type
regions by concentrating heat or light upon the junction
region.

particular semiconductor body exhibits. N- or P-type char
a higher degree of combining power, that is, valence, than
the semiconductor, function to furnish additional free
electrons to the semiconductor so as to produce an elec
tronic excess and consequently an N-type semiconductor.
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are sufficient to produce marked electrical characteristics
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high breakdown potential and low capacitance. The

other P-N junction, known as the "emitter" junction,
should preferably have an abrupt variation across the
junction from high impurity content of one type to low
impurity content of the opposite type to provide a nar
row, steep rectifying barrier with low impedance in the
forward direction of current flow and a high ratio of con
duction carriers of one type to conduction carriers of

the opposite type during current flow in this forward or
easy direction across this emitter junction. Moreover,
70 for high gain, high frequency applications, the region of
one conductivity type between and adjoining the two
in the semiconductor. Antimony, phosphorus, and opposite conductivity type regions should; in order to re
neither P-type nor N-type characteristics may result from
either a complete freedom of impurities or an electrical
balance between conduction carriers produced by the
proper proportions of both acceptor and donor impurities

2,822,808

3
duce "transit time' effects, preferably be only a very thin
layer of material less than 0.001 inch thick.
One method currently employed in an attempt to make
P-N junction units having predictable desired characteris

4
for use in high frequency electrical circuits and a new
method of making such improved high frequency P-N
junction rectifiers and transistors.
In furtherance of this latter object, other specific ob
tics is to grow a semiconductor monocrystal from a sub 5 jects of the invention are to provide improved P-N junc
tion units having unusually low capacitance and improved
stantially pure semiconductor melt at a very slow con
N-P-N junction units having substantially optimum
stant rate of growth, usually less than 1 inch per hour,
and to add to the melt small traces of donor and acceptor
emitter junction characteristics, substantially optimum
impurities in slow succession, thereby to convert the grow collector junction characteristics, and a very thin P-type
ing ingot from one type semi-conductor to the other. l0 region less than 0.001 inch thick; and to methods of mak
This crystal growing method has the advantage that lat ing such improved P-N and N-P-N junction units.
tice strains and distortions are minimized in the result
In accord with my invention, I have found that the
ant monocrystalline material. Many difficulties arise,
extent to which certain donor and acceptor impurities
however, in actually practicing this method. In order
present in a semiconductor melt are picked up or as
to avoid irregularities, the crystal must be grown slowly 15 similated by an ingot grown from the melt varies with
and sufficient time must be allotted between impurity
the rate of crystal growth. The ratio of impurity con
additions for each impurity to be thoroughly mixed into
tent assimilated by a growing ingot to the impurity con
the melt and picked up by the growing ingot before the
tent in the liquid semiconductor in contact with the grow
next impurity is added. This also makes it very difficult
ing ingot is called the segregation coefficient, and I have
to produce in multiple junction units a very thin layer of 20 also found that the degree of variation in segregation
one conductivity material less, for example, than 0.001
coefficient shown by certain impurities over a given range
inch thick. The second impurity must be added in suffi
of variation in crystal growth rate differs substantially
cient amount to overbalance the opposite sign conduc
from that of certain other impurities. In practicing my
tion carrier inducing effect of the first impurity. For
new method of making P-N junction units, a melt is pre
double junction units, a third impurity addition must be
pared consisting of the semiconductor such as germanium
made in sufficient amount to overcome the opposite-sign
or silicon, a trace of a donor impurity for the semicon
conduction carrier inducing effect of the second im
ductor, such as arsenic, antimony or phosphorus, and a
purity. The impurity content and gradients produced in
trace of an acceptor impurity for the semiconductor such
the first junction thus limit the impurity content and 30 as boron, indium, gallium or aluminum. The word
gradients which may be produced in successive junctions.
"trace' is herein employed to connote the presence of the
If, for example, high impurity content is desired on one
designated impurities in amounts less than 0.25%, by
side of an emitter junction of a transistor, the collector
weight, of the semiconductor material involved. The
junction must be formed first, and the impurity content
impurity traces are included in the melt in effective equiv
on both sides of this collector junction must be kept at
alent amounts properly selected to induce opposite type
a lower than optimum value. Because of the continually
conduction carriers having equal electrical effect and thus
increasing impurity content in the melt, only one or two
to produce intrinsic type semiconductor in a crystal grown
high quality P-N junctions can normally be produced in
from the melt at a predetermined growth rate. More
a single ingot grown by this method, The excess im over, the selected donor and acceptor impurities are those
purity-impregnated melt from which the crystal is grown 40 having different rates of segregation coefficient variation
must somehow be repurified before it can again be used.
cover a range of crystal growth rate variation encompass
Moreover, highly exacting laboratory techniques must be
ing the above-mentioned predetermined growth rate at
employed in order to maintain an absolutely constant
which intrinsic semiconductor is formed. A monocrystal
temperature of the melt and to provide adequate stirring
line ingot is then grown conveniently at a constant
to distribute the added impurities uniformly at the very
withdrawal rate from this melt at growth rates succes
slowly growing crystal interface.
45 Sively varying above and below this intrinsic semiconduc
Accordingly, an important object of the invention is
tor forming growth rate. At a growth rate above the
to provide a new and versatile method for producing, intrinsic semiconductor forming growth rate, one impurity
with excellent control and reliability, P-N junction semi element, such as the donor, is assimilated in excess by the
conductor units having practically any desired combina growing ingot to produce N-type conductivity semicon
tion of electrical characteristics at the junction region. b0 ductor material, while at a growth rate below the intrinsic
A further object is to provide a crystal growing meth Semiconductor forming growth rate, the other impurity
od for producing P-N junction units which retains the
element, such as the acceptor, is assimilated in excess to
advantages but eliminates many of the disadvantages and
produce P-type conductivity material.
difficulties encountered in prior crystal growing meth
The impurity gradient bordering and across the inter
ods of making P-N junction units.
55 mediate intrinsic semiconductor P-N junction region may
In furtherance of this latter object, one specific object be easily and accurately controlled by adjusting the
is to provide a crystal growing method for producing incremental growth rate variation as it passes through
P-N junctions in which the crystal is grown at a faster the intrinsic semiconductor forming growth rate. The
rate than could be employed with such prior crystal
amount of conduction carriers in each conductivity type
growing methods and which thus may be grown in shorter 60 region can be easily and accurately controlled by the
time, without absolutely constant temperature control of absolute amounts of donor and acceptor impurity traces
the melt and without great difficulty in providing adequate added to the melt, and the ratio of negative to positive
stirring. A second specific object is to provide a new conduction carriers can be controlled by the ratio of donor
crystal growing method for producing a great number, and acceptor impurities in the melt which, in turn, deter
for example, 100, high quality P-N junctions in a single 65 mines the growth rate at which intrinsic semiconductor
grown ingot. This is possible with my new method since is formed.
The variation of crystal growth rate utilized in the
there are no successive impurity additions producing a
build-up of impurity concentration in the melt. A third
invention is conveniently conducted at a substantially
specific object is to provide a crystal growing method in constant rate of withdrawal. The growth rate variation
which the remaining melt from which the crystal is 70 is actually a variation in the rate at which atomic layers
grown may be used over and over again without repuri
of semiconductor material are deposited consecutively
fication
to
grow
additional
high
quality
P-N
junction
con
one
upon another along the length of the growing mono
taining ingots.
crystalline ingot as it is withdrawn vertically from a
. . Another object is to provide P-N junction rectifiers liquid melt. This rate of deposition is a function of the

and transistors having improved electrical characteristics 75 temperature gradient across the crystal-liquid interface,

2,822,808
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which in turn depends upon the temperature of the melt

6
1 represents in vertical cross-section a seed crystal with
drawal type crystal growing furnace represented gen

in the vicinity of the growing crystal and the rate of
heat transfer through the grown crystal. Conveniently,
in accord with the invention, the crystal growth rate is
varied by varying the power input to the melt. Thus,

erally as 1. Furnace 1 includes a base assembly 2, a

radiation shield 3, a graphite heating element 4 located

within radiation shield 3, a quartz crucible 5 resting

at high power input the temperature of the melt in the

vicinity of the growing crystal rises, the temperature
gradient across the solid-liquid interface increases and
the rate of crystal growth decreases. Conversely, when
the power input to the melt is lowered, the mean tem
perature of the melt in the vicinity of the liquid solid
interface decreases, the temperature gradient across the
interface decreases and the rate of crystal growth in
creases. In practicing the invention with semiconductors
such as germanium and silicon, the crystal growth rate
may be varied in the above-described manner, between
0 and 20 inches per hour.
In accord with another feature of the invention, an
ingot containing a plurality of multiple P-N junction

units suitable for use in high frequency transistors is

grown by successively varying the rate of growth of
a crystalline semiconductor ingot above and below the
growth rate at which intrinsic semiconductor is formed,
and, in addition, during a portion of the cycle the rate
of growth is decreased below the zero growth rate to
an extent sufficient to melt back a portion of the pre
viously grown ingot. In this manner, very thin layers
of one type semiconductor material are produced between
two larger regions of opposite type semiconductor mate
rial and are joined to these regions by respective emitter
and collector P-N junctions having substantially opti

upon and within radiation shield 2, and partially sur
rounded by heating element 4, and a transparent quartz

O

15

base plate 10 is cut in two from front to back forming
two separate electrically insulated members 11 and 12

20

30

mum characteristics for use in high gain and high fre
The novel features which are believed characteristic

35
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Fig. 3 is an enlarged view of a portion of an ingot
grown in accord with the invention with the apparatus
of Fig. 1;
Fig. 4 is a group of curves illustrating the general
variation of segregation coefficient with growth rate vari
ation for certain exemplary acceptor and donor impuri
ties relative to germanium;
Fig. 5 contains a pair of total segregation versus

ber 14 is 2% inches. The reentrant portion 15 of heater
element 4 extends 1% inches within the external cylinder

a flat end piece 16 forming therewith a heating zone 17 of

the furnace into which the lower end of crucible 5 is
Suspended in the operation of the furnace. The non
reentrant end of graphite heater 4 is terminated with a

2 inch Square cross-section annular flange 18 having
therein a plurality of cylindrical holes 19 for mounting
the heater in good electrical contact with brass base plate
10. The entire heater assembly with the exception of
the terminating portion of the reentrant cylindrical mem
ber is bifurcated by a A6 inch incision 20 thus allowing
a path of current only through the terminating portion
of the reentrant member. The heater element is mount
ed with the bifurcating incision substantially aligned
with the cleavage in brass base plate 10 so that a path of
current passing through one portion 11 of base plate 10
into the reentrant cylindrical heater element and thus
through the other portion 12 of brass base plate 10 is

established.
Radiation shield 3 comprises a closed cylindrical mem
ber 3% inches in diameter having a cap member with

growth rate curves relative to germanium of a selected

donor impurity and a selected acceptor impurity and

illustrates the effect of growth rate variation upon the
conductivity type of a semiconductor ingot grown from
a melt containing these impurities in proper proportion;

55

rate of ingot growth, and position of liquid-solid inter
face relative to the growing ingot during a particular
growth rate variation cycle preferred for the production
of high frequency, high gain transistor N-P-N junction
units;
Fig. 7 is a curve showing the impurity content along

60

a tapered orifice in axial symmetry with the reentrant

cylindrical heating element 4. The annular region be
tween the exterior of reentrant cylindrical heating element
4 and the interior of radiation shield 3 is filled with
loosely-packed quartz wool 21, and the interior surface of

Fig. 6 is a group of curves showing the relationship
and manner of variation with time of furnace power,

the length of an ingot grown in accord with the growth
rate variation pattern of Fig. 6 together with a dia
grammatic representation of the resulting conductivity
type material along the length of the grown ingot;
Fig. 8 illustrates an improved high frequency transis
tor incorporating an N-P-N junction unit produced in
accord with my new method.
In Fig. 1 there is shown a typical apparatus in which
the preparation of semiconductor bodies according to

which serve as input and output terminals for the fur
nace. A passage 13 of 4 inch diameter is drilled
through insulating refractory block 9 and first brass base
plate 8 to allow for a non-oxidizing atmosphere such
as nitrogen, hydrogen, or argon to be piped into the
furnace area through inlet pipe 13.a. Graphite heater
element 4 is shown with greater particularity in the cut
out of Fig. 2 of the drawing.
Heater 4 is of A6 inch thick graphite and comprises a
reentrant cylinder having an outside cylindrical member
14, 3 inches in length. The diameter of cylindrical mem

14 and has an outside diameter of 176 inches. The re
entrant portion 15 is terminated at its interior end with

quency transistors.

of the invention are set forth in the appended claims.
The invention itself, however, together with further
objects and advantages thereof may best be understood
by reference to the following description taken in con
nection with the accompanying drawings, in which:
Fig. 1 is a vertical cross-sectional view of a portion
of the apparatus preferably employed in practicing the
invention;
Fig. 2 is a sectional view of the heater element used
in the apparatus of Fig. 1;

chimney 6 resting upon and forming a gas-tight seal
with crucible 5. Seed crystal holding assembly 7 is
vertically and rotatably movable within transparent chim
ney 6. Base assembly 2 of furnace assembly. 1 com
prises a first brass base plate 8, 4 inch thick and 6
inches in length and width, a block of refractory insu
lating material 9, 1 inch thick and 6. inches in length
and width, and a second brass base plate. 10, 14 inch
thick and 6 inches in length and width. Second brass

65
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radiation shield 3 is coated with a 10 mil thick platinum
body including an inverted frusto-conical section 23, 34
inch deep, and a cylindrical section 24, 1% inch deep,
terminating in a spherical end. The outside diameter
of the larger base 25 of the frustro-conical section is 3.4
inches, and the diameter of the smaller base 26 of the
frustro-conical section, of the cylindrical section

foil 22. Crucible 5 comprises a 4 inch thick quartz

24 of the crucible, and of the spherical end thereof is
1/2 inches. Crucible 5 rests upon radiation shield 3 with
the cylindrical portion thereof suspended within the heat.

ing zone 17 defined by the reentrant portion 15 of
graphite heater element 4. The spherical end of crucible
5 is suspended /8 inch from the terminating end 16 of re
entrant cylindrical portion of graphite heating element 4
and the cylindrical sides of the crucible are disposed 4

the invention may be practiced. The apparatus of Fig. 5 inch from the reentrant portion 15 of graphite heater 4,

2,822,808
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Transparent chimney 6 comprises a quartz cylinder 27 crystal growth is a function of the temperature gradient
across the liquid-solid interface, which is, in turn, con

having./8 inch thick walls and an outside diameter of 1
inch. The lower end of chimney 6 has a 4 inch diameter

trolled by furnace power input. Higher average rates
of crystal growth are attained by using lower values of
furnace power and vice versa.
Once the crystal has started to grow at a pre-selected

flange 28 which rests upon the larger base 25 of frustro
conical section 22 of crucible 5 forming therewith a sub
stantially gas-tight seal. The upper end of the 6 inch long
chimney terminates in a 2 inch diameter flange 29. A
protective atmosphere is maintained within crucible 5 by
means of gas inlet pipe 30. Excess gas may pass from

the crucible through a % inch diameter hole 31 in

O

flange 28.
Seed crystal holding assembly 7 comprises a stainless

steel chuck 32 and a shaft 33 therefor. Chuck shaft 33
passes through a substantially gas-tight seal 34 within the

upper end of quartz chimney 6 and is geared to a driv

Stant growth rate.

The average growth may conveniently be about 3 inches

5

and the power input to the furnace is indicated by watt
meter 38.
To practice the invention, particles of high purity
semiconductor such as germanium or silicon having a
purity corresponding to a resistivity above 2 ohm-centi
meters are etched with acid to remove surface impurities

20

25

and are placed within crucible 5 together with the de

sired weighted amounts of a donor impurity such as
antimony, arsenic or phosphorus and an acceptor alloy

Such as gallium, indium, or aluminum. As used herein
the term "high purity semiconductor” is used to connote
crystalline semiconductor material having less than a total
of less than 105 impurity atoms per cubic centimeter

30

thereof, or in other words, less than one part impurity in

10. Sufficient power is supplied to the furnace heater

to melt the semiconductor and impurities. The amount
of power necessary will vary from furnace to furnace, but
the furnace described hereinbefore requires approximately
1440 watts to melt 100 grams of germanium in from 10
to 15 minutes and approximately 2800 watts to melt 20

grams of silicon in from 10 to 15 minutes. Once the
semiconductor has been melted the average power input
is reduced until the surface of the melt is only slightly
above the melting point of the semiconductor (94.1° C.
for germanium and 1430° C. for silicon). While this
value of input power will vary from furnace to furnace,
with the apparatus described hereinbefore, furnace power
may be reduced to 1000 watts to keep germanium molten,
and to 2300 watts to keep silicon molten. The furnace
volume above the surface of the melt is continually
flushed with an inert or other non-reactive gas to prevent
contamination of the melt. A small body, or seed crystal
40, of high purity monocrystalline semiconductor as for
example monocrystalline germanium having a purity cor
responding to a resistivity above 2 ohm-centimeters is
clamped within chuck 32, with a portion exposed, and is

40

revolutions per minute, in order to stir the melt at a rate

liquid-solid interface remains substantially constant.
In accord with the present invention, ingot 41 is not
continually grown at a constant rate as described, but
rather is grown at rates varying in accord with a predeter
mined pattern or cycle. This variation in growth rate is
achieved by merely varying the duration and/or ampli
tude of electrical power supplied to heating element 4,
thereby varying the temperature gradient across the grow
ing liquid-to-solid interface. I have discovered that, un
der a suitable cycle or pattern of growth rate variation
and with a proper selection of the type and amount of

impurities included in melt 39, the growing ingot can be

converted from N-type to P-type semiconductor material

and then back from P-type to N-type semiconductor ma
terial with intermediate P-N junctions to produce a mul
titude of P-N junction units, along the length of the
grown ingot. A typical pattern of N- and P-type semi
conductor distribution which may be achieved by the
present invention is illustrated in Fig. 3. This particular
distribution of conductivity zones is highly desirable for
N-P-N type transistors.
The specific donor and acceptor impurities as well as
the relative and absolute amounts of such impurities to
be included in melt 39 may be determined from the

Segregation coefficient versus growth rate characteristic
curves of such impurities for the semiconductor involved.

The segregation coefficient represents the amount of im
purity assimilated by the growing ingot relative to the
amount of the impurity in the melt. Fig. 4 illustrates
typical segregation coefficient versus growth rate curves
relative to germanium for indium, antimony, arsenic, and
gallium. As indicated by these curves, the acceptor im
purities indium and gallium show. little change in seg
regation coefficient relative to germanium over a range
of growth rate variation from zero to 6 inches per-hour,
while the donor impurities arsenic and particularly anti

55

lowered until the exposed end thereof is immersed be
neath the surface of melt 39. Chuck 32 and seed crys

tal 40 are preferably axially rotated at a constant speed
above 20 revolutions per minute, for example, about 100

per hour. As is well known, the growth rate of a crystal
is 3 inches per hour when, with a constant elevation of
the seed crystal of 3 inches per hour, sufficient heat is sup

plied to the melt that the diameter of the growing crystal
neither increases nor decreases and the position of the

ing mechanism (not shown) which imparts both rota
tional and longitudinal motion thereto. Power to op
erate the furnace is supplied by an alternating current

source 35 and may be adjusted by potentiometer 36.
Off-on switch 37 is operated to control the heating cycle,

average rate, further adjustments in furnace power may
be made to maintain a constant ingot diameter, which
may be conveniently be /2 inch. The crystal is then
being grown at a constant rate of withdrawal and a con

GO

mony display a marked increase in segregation coefficient

as the growth rate increases over this range. It will also

be noted that there is a wide disparity between the abso
lute values of the segregation coefficients K of the vari
ous impurities involved. Table I shows the general mag
nitude and manner of variation of segregation coefficient
with growth rate relative to germanium for the designated
donor and acceptor impurities:

sufficient to insure a constant and uniform concentration

TABLE I

of both acceptor and donor impurities at the liquid-solid

interface, although P-N junction units can be made with
out such stirring. When seed crystal 40 is immersed into
melt 39 the heater input power is adjusted so that a mono
crystalline semiconductor ingot 41 grows at the prese
lected desired rate upon seed crystal 40. If the heater
power is too high, the seed crystal will melt back; if the
heater power is too low, the seed crystal will grow rapidly
down into the melt.
- - - - When the crystal is slowly growing, the chuck assembly
is caused to start withdrawing at a rate preselected as the

Acceptors

Relative to Germanium

indiu in
0.00
0.001

0.002

Donors

Gallium Antimony Arsenic
.

0.
0.

0.2

0.003
0.005
0.006

0.05
0.07
0.08

The values of segregation coefficients shown in the above

table and represented by the curves of Fig. 4 were ob

average rate of crystal growth. The average rate of 5 tained by conductivity measurements of germanium crys

2,822,808
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10

minute perminute, above and below the intrinsic growth.
rate will produce in the grown ingot a narrow intrinsic.
P-N junction region with a "sharp" or "steep” impurity

tals grown at different steady state growth rates from a
meit of germanium containing the impurity involved.
Due to limitations in measurement conditions, the indi
order of plus or minus 10%.

concentration gradient across the junction, while a slow.
variation in growth rate, such as 0.05 inch per minute,

ous acceptor and donor impurities in silicon is somewhat

wide intrinsic P-N junction region with a gradual im

cated values may well include measurement-errors of the

through the intrinsic growth rate will produce a fairly

The variations of the segregation coefficients of vari

less than in germanium and is difficult to measure at fast
growth rates. However, a comparison of the relative
segregation of selected donor and acceptor impurities may
be had by referring to the following table of equilibrium
segregation coefficients. The equilibrium segregation co
efficients K of an impurity in a semiconductor is defined
as the impurity content of a growing crystal to the im
purity content of the melt in equilibrium with the crystal

purity concentration gradient across the junction. . The

O

ratio of excess or uncompensated negative conduction

carriers in the N-type region to excess or uncompen
sated positive conduction carriers in the P-type. region
can be easily adjusted by merely controlling the extent

volume of the solid relative to that in the liquid in equi
librium,
K is the concentration of impurity content in the Sur
face monolayer of the growing solid crystal relative to

of growth rate variation on either side of the intrinsic
growth rate. The impurity concentration gradient at the
5 P-N junction as well as the ratio of excess positive to
negative conduction carriers can also be otherwise ad
justed by changing the antimony and gallium added to
melt 39 to other ratios to produce other desired intrinsic
growth rates, at which a greater or lesser difference is
20 present between the slopes of the two illustrated: curves.
The actual conductivity of the grown N-type or P-type
regions can, of course, be controlled by the total amount
of both impurities added to melt 39, as well as by the
thoroughness of melt stirring since inadequate stirring
25 increases the impurity concentration in the liquid at the
growing interface.
As mentioned hereinbefore, there is a possibility of
experimental error in recording the values of the segrega
coefficients in the hereinbefore set forth table in the
30 tion
curves of Fig. 4. In order to overcome any possibility.
of such experimental error, the exact relative and abso
lute amounts of donor and acceptor impurities- to be
added to a semiconductor melt in order to attain a given
35 intrinsic growth rate may be determined as follows. The
information of Fig. 4 and Table I supra, and Tables III
and IV, infra, are used to calculate the relative and abso
lute amounts of donor and acceptor impurities which (in

that in the liquid,
W is the instantaneous growth velocity, and

40

(Zero growth rate).
TABLE
Impurity

Ko in Ge
ra-20
0.
0.0
0,001
0,12
0.04
0.003

Ko in Si
0.68
0.0016
0.004
0.0003
0.04
0.07
0.018

The following equation is believed to describe the gen
eral variation of the segregation coefficient K with growth
rate for a given impurity relative to the semiconductor:
-V

K= Ko- (K-Ko)e
where K is the concentration of impurity content in the

V is a growth velocity factor characteristic of the par
ticular impurity and dependent upon the measured diffu-,
sion coefficient of this impurity in the semiconductor.
Referring now to Fig. 5, a pair of total segregation
versus growth rate characteristic curves relative to ger
manium for antimony and gallium are superimposed in

45

order to illustrate how variation in growth rate can pro

ratios of the same donor and acceptor impurities, and

duce N- or P-type material, as desired, when proper

proportions of these two impurities are present in melt
39. Presuming a proper proportion of antimony and

gallium in melt 39, there is a particular growth rate here
inafter called the "intrinsic growth rate,' shown in Fig.
5 as 2 inches per hour, at which the electrical activity of
the positive type carriers or "holes' induced in the grown
germanium ingot by the percent of gallium assimilated
exactly balances the electrical effect of the negative type
carriers or free electrons furnished by the percent of anti
mony assimilated. The proper proportions of a donor
and acceptor impurity which produces a particular-intrin
sic growth rate may be referred to as effective equivalent
amounts since the amount of each tends to exert equiva
alent, but opposite, control over the electrical character
istics of the ingot. At this intrinsic growth rate, the
grown ingot is neither P-type nor N-type. As the growth
rate is increased above this intrinsic growth rate, the
ratio of antimony to gallium assimilated by the growing
ingot increases producing a predominance of negative
type carriers resulting in N-type conductivity material.

Conversely, as the growth rate decreases below this in
trinsic growth rate, the ratio of antimony to gallium
picked up by the growing ingot decreases producing a pre

complete empirical data is then assembled from which

50

the ratio of donor to acceptor impurities required for any

desired intrinsic growth rate can be easily determined.
Conversely, from this data the intrinsic growth rate for
any given proportions of a given pair of donor and ac

ceptor impurities may be determined. Actually, the ratio
55

of donor to acceptor impurities which may be included

60

regions within a semiconductor ingot is not critical. The
absolute and relative amounts of donor and acceptor im
purities utilized vary over a wide range and are chosen
according to the application to which the devices cut fro

65

purities may vary, with antimony and gallium as the se
lected impurities, and germanium as the semiconductor,
weight ratios ranging between 20 and 60 parts, antimony

within the melt in order to attain alternate N- and P-type,

the ingot are to be used.
As an example of the wide range over which theim

to.1 part gallium may be used, depending upon the junc
tion characteristics desired. With antimony and indium

as the selected impurities, weight ratios ranging from 1
likewise be used. It will be appreciated that the variation
of donor to acceptor impurities within the melt deter

part antimony to between 2.5 and 7.5 parts indium may
70

dominance of positive conduction carriers in the semi

conductor material thus producing P-type material. It is

the absence of experimental error) cause the intrinsic
growth rate to be located at the desired value for the
semiconductor included in the melt. A preliminary small
ingot is then grown at growth rates varying continuously
through the chosen intrinsic rate of growth. The transi
tion point from N-type to P-type, or vice versa, within
this grown ingot is then correlated with the particular
growth rate cycle utilized in forming the ingot. This
procedure may then be repeated using somewhat different

evident from a consideration of the curves of Fig. 5 that
a rapid variation of growth rate, such as 1.0 inch per 5

mines the growth rate at which an ingot having intrinsic

conductivity characteristics may be grown. Thus, for the
antimony-gallium impurity system, a ratio of 20 parts
antimony to 1 part gallium within the melt results in an

2,822,80s
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intrinsic growth rate of approximately 5 inches per hour, efficient thereof at the desired growth rate is approximate
11

while an antimony-gallium ratio of 50 to 1 results in an

ly equal to the product of the number of moles of ac
ceptor impurity chosen and the segregation coefficient

intrinsic growth rate of approximately 1 inch per hour.
Growth rates above the intrinsic rate result in the forma
tion of N-type regions within the ingot, while growth

rates below the intrinsic rate result in the formation of

P-type regions within the ingot. The absolute amounts
of the two added impurities may also vary to a consider
able extent and may be determined in accord with the
conductivity desired in the respective P- and N-type re
gions of the resultant ingot. The higher the conductivity
desired in the resultant P-N junction devices, the higher
the concentration of donor and acceptor impurities which
are added to the melt. Satisfactory ingots have been
grown from melts having different acceptor-donor im
purity combinations with the total impurity content rang
ing between 0.1 and 250 milligrams of impurities to 100

O

5

thereof. Thus, at the desired intrinsic growth rate, ap
proximately equal numbers of atoms of donor and accep
tor impurities will enter the semiconductor crystal lattice.
The absolute amount of a donor impurity which is suffi
cient to result in a chosen intrinsic growth rate when
added to a semiconductor to which a given absolute
amount of acceptor impurity has been added may be re
ferred to as an effective equivalent amount to the amount
of acceptor impurity chosen and for the particular chosen

growth rate. Thus, effective equivalent amounts of do
nor and acceptor impurities have equivalent control of
the electrical properties of the grown ingot at the intrinsic
growth rate. Conversely, if an absolute amount of a
donor impurity, within the limits set forth in Table III

is added to a semiconductor, there exists one, and only
one, effective equivalent amount of each acceptor impuri
ty which may be added to the semiconductor in order to
the various donor and acceptor impurities have widely
differing segregation coefficients so that widely differing
secure any one chosen intrinsic growth rate. The ap
proximate amount of the effective equivalent amount may
amounts of selected impurities must be added to the met
be calculated, within experimental accuracy, from the
to produce equivalent effects in the grown seniconductor
values of segregation coefficients as a function of growth
ingot. For example, approximately 100 times more in
dium than gallium must be added to a germanium meit 25 rate as set forth in Table I and the curves of Fig. 4.
The ranges of proportions within which the absolute
to produce the same acceptor impurity content in the
grown ingot.
amounts of various combinations of the principal donor
grams of germanium. This wide range of possible total
impurity content is, of course, also due to the fact that

and acceptor impurities may be varied in a semiconductor
With silicon as the semiconductor in melt 15 and anti
mony and aluminum as the selected impurities, a weight 30 melt so that the effective equivalents mixed with one an
other establish an intrinsic growth rate between 0 and 20
ratio of between 2.5 and 3.5 parts aluminum to part
inches per hour are set forth below.
antimony has been found suitable with the total impurity
content of about 4 milligrams impurities per 10 grams of
TABLE IV
silicon. In silicon, like germanium, as is hereinbefore
(a)
PROPORTIONS
IN GERMANIUM
discussed, the impurity ratios having a higher concentra 35
tion of donor impurity elements with respect to acceptor
St.
As
P
v
.
impurity elements results in a lower intrinsic growth rate,
20 to 60
0.9 to 2.
Ga 0.13 to 0.4
while, on the other hand, ratios having low donor percent
Sb
As
P
In 0.3 to 0.4
In 0.006 to 0.08
In 0.0008 to 0.026
ages with respect to acceptor impurities result in a higher
intrinsic growth rate. Successful P-N junctions have 40
Sb
As
P

beer produced over a wide variation of absolute and rela

Ai 48 to 40

tive amounts of donor and acceptor impurities, for ex
ample, successful P-N junctions have been produced
using silicon melts containing from 0.1 to 10 milligrams
of total impurities per 10 grams of silicon.

The ranges within which the absolute values of various
donor and acceptor impurities which are added to 100

45

aluminum-------------------------------

artinony.

As

Sb

As

St.

As

Ga. 0.5 to 0.7
in 0.01 to 0.02

Ali 0.3 to 0.4

Silicon,

Ing.

phosphorus
arsenic----

So

Ga 0.06 to 0.08
n 3.045 to 0.004

Al 0.05 to 0.O.

P

Ga 0.04 to 0.05
P

In 0.005 to 0.002
p

Ai 0.02 to 0.03

50

Germanium,

gallium-----indiun------

Al 0.3 to 0.9

(). PROPORTIONS IN SLICON

grams of germanium and silicon melts may vary in
practicing the invention are listed in Table III.
TABLE II

Ali 2.2 to 6.3

t ---------------------..... -------...-..

Ing

0.0 to .

5 to 50

0.917
to
2. to 24

5 to 50

0.006 to 0, 60
0.05 to 5.9

As is hereinbefore set forth, a variation of the propor

0.6 to 60

--

It does not follow from the data of Table II that any
listed absolute value of a donor impurity may be com
bined with any listed absolute value of an acceptor im

purity to form an alloy, which when added to a semicon
ductor melt, will cause an intrinsic growth rate to exist
between zero and 20 inches per hour. As a further re
guirement, the relative amounts of donor. and acceptor
impurities must be such that the product of the number

maintain silicon molten.

tion between given donor and acceptor impurities added

Oi to 0

1.0 to 100

The above ranges of values represent the absolute
amounts of the designated impurities which would be ef
fective, if individually added to an otherwise pure semi
conductor melt, to cause ingots grown therefrom at a
growth rate of 2 inches per hour, to contain impurity in
duced carrier concentrations varying between 101 and
1016 carriers per cubic centimeter.

55

33 to 3,300
O. O. to 7.0

It is to be noted, however, that the values given above
for arsenic and phosphorus as impurity additions in a
silicon melt are approximate only, due to evaporation of
these impurities at the high temperatures necessary to
to a semiconductor melt results in, and is the means for

60

obtaining, differing intrinsic growth rates. It will be ap
preciated, however, that once the effective equivalent

amounts of chosen acceptor and donor impurities have
been added to a given amount of semiconductor, the in
trinsic growth rate for the particular melt is established
and is not changed in practicing the invention. In gen

65

eral, as the proportion of donor to acceptor impurity is
increased in preparing different melts, the intrinsic growth
rate of the melt decreases, approaching zero as a limit.
The donor and acceptor impurities may be added to
the melt in a number of ways. One convenient and prac
tical method is to add the donor and acceptor impurities
individually. Another method is to prepare an alloy of
the selected donor and acceptor impurities having a prop
er ratio as determined by the above-described relation

ships and procedures. The molten alloy is quenched
of moles of donor impurity chosen and the segregation co 75 from its melting point by direct immersion in water in
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order to prevent segregation of the two impurities. Al
ternatively, the two impurity elements may be ground-to

gether into a powder and sintered into pellets. An ap
propriate quantity of high purity semiconductor together
with effective equivalent amounts of donor and acceptor
impurities sufficient to establish an intrinsic growth rate
at a value between zero and 20 inches per hour are
placed in crucible 5. The donor and acceptors may con
veniently be added in the form of an alloy or sintered
mixture described above. The amount of alloy or mix
ture added may vary considerably, satisfactory P-N junc
tions being produced using 0.1 to 10 milligrams arsenic
gallium alloy, 1 to 100 milligrams antimony-gallium al
loy, and from 5 to 250 milligrams antimony-indium al
loy for each 100 grams germanium.
Referring now to Figs. 6 and 7, there is illustrated
a preferred pattern or cycle of growth rate variation

above and below the initial average power level in suc-.

cessively increasing amplitude, steps of equal duration
until the desired peak-to-peak power amplitude swing
is achieved. Alternatively, the amplitude of the power
variation is maintained throughout at a full desired peak
to-peak amplitude, but the duration of each Swing is
gradually increased until the desired power alternation
duration is achieved.
10

As mentioned hereinbefore, the rate of crystal growth

in the seed crystal withdrawal method of crystal growth

varies inversely with the temperature gradient across
the liquid-solid interface. This temperature gradient, de
pends to a large extent upon the temperature of the
5

capable of providing N-P-N junction units particularly
Weil Suited for use in high frequency transistors. Units
destined for this particular application preferably have 20
an extremely thin P-type layer. Such thin P-type layers
are obtained by causing the already formed P-type lay
ers to melt back into the melt upon the next high power
portion of the hereinafter described power variation
cycle. This melting back is attained by increasing the 25
amplitude of the power cycle and causing the slow growth
portion of the growth rate cycle to decrease through
the Zero value. A further condition for the growth of
thin P-type layers is the choice of an intrinsic growth 30
rate very nearly equal to zero so that when, after re
melting, the growth rate again becomes positive, only
a thin P-type layer is formed before the intrinsic growth
rate is reached. Consequently, a ratio of donor to ac
ceptor impurity is selected which provides a fairly slow 35
intrinsic growth rate, for example, in the neighborhood
of 2 inch per hour. If antimony and gallium are used,
a weight ratio of the order of 50 parts antimony to 1
part gallium is suitable, while if antimony and indium
are employed, a weight ratio of the order of 1 part anti

liquid melt, which in turn depends upon the power in

put to the furnace heater. It would appear, at first
glance, that the rate of growth might be adequately
specified in its relationship to melt temperature. Such
might possibly be true in the case of growing a crystal

at constant growth rate. in which case a measurable

average equilibrium temperature is maintained in the
liquid melt. In the practice of my invention, however,
the melt does not reach an equilibrium condition at
which the temperature is substantially uniform through
out the melt. Instead, furnace power is rapidly cycled
between maximum and minimum values so that at all

times there exists a substantial temperature, gradient from
the liquid-solid interface to the walls of crucible 5. Thus,
while it is known that the temperature at the liquid-solid
interface is substantially the melting temperature of the
semiconductor, and that all the remainder of the melt
is above this temperature, no further measurement of
melt temperature is practicable. This is true for two
reasons. Firstly, the rapid cycling of the furnace pre
vents an equilibrium temperature being established, so
that there is no real "melt temperature” as such. Sec
ondly, with such rapidly fluctuating temperatures, the
only feasible method of measuring instantaneous ten
perature is by the insertion of a measuring device hav

ing a rapid time constant, such as a thermocouple, into
mony to 3 parts. indium has been found suitable. Lower 40 the melt, and the use of such devices is precluded by the

antimony-to-gallium or antimony-to-indium ratios pro
ceptor-donor impurity alloy included in melt 39 is pref
duce wider P-type layers. The actual amount of ac

erably of the order of 1 to 50 milligrams alloy per 100

grams germanium depending upon the impurities in
volved and the electrical characteristics desired. More

Specifically, 1 to 20 milligrams antimony-gallium alloy

necessity of maintaining the purity of the semiconductor
be
a prime prerequisite for all electronic semiconductor
devices.

to the order of parts per million, as is well known to
45

During this gradual power cycle build-up, the opera

tor can watch the actual variation in growth rate as in
dicated by the position of the liquid interface on the

and 10 to 100 milligrams antimony-indium alloy may
growing ingot, and can make such adjustments of the
be added for each 100 grams of germanium.
average power level as may be necessary to keep the
50
In Fig. 6, curve A represents furnace power, curve B
average diameter of the growing ingot uniform. Thus,
represents the rate of ingot growth, and curve C repre if the diameter of the ingot increases, the average power
Sents the position of the liquid-to-solid interface relative
must be raised slightly and if the diameter decreases,
to the growing ingot, all curves being plotted along the the average power must be lowered slightly.
same time base. It will be appreciated that the position 55 With the constant-duration amplitude-varying-type
build-up of the power cycle illustrated in Fig. 6, the
of the liquid-to-solid interface is visually determinable,
and that it rises or falls relative to the free surface level
initial small increase in furnace power during the time
of the melt as the power input to the furnace and, conse interval designated by the letter E is shown as being suf
quently, the temperature gradient across the liquid-to
ficient to reduce the growth rate below the intrinsic
Solid interface increases or decreases respectively while 60 growth rate but insufficient to reach a zero growth rate.
the crystal is growing. During the initial conditions of
The rate of ingot growth thus decreases during this in
the ingot growth represented by the initial portion of each
terval and converts from N-type to P-type semiconduc
tor, but does not stop growing. During the next time
curve, an average level of power is supplied to the fur
interval, designated by the letter F, the furnace power
nace which produces a rate of growth above the in
trinsic growth rate, for example, an average growth 65 is reduced to a level which causes a gradual increase in
growth rate until the ingot converts from P-type back
rate of 3-inches per hour when the intrinsic growth rate
to N-type semiconductor.
is /2 inch per hour. The necessary power will vary
During the succeeding time interval, designated by
with each furnace, but the proper average power input
the letter G, the furnace power is shown as being ele
may readily be determined by following the hereinbe
fore described procedures or by previously calibrating 70 wated to a maximum desired level at which the growth
rate rapidly decreases through the intrinsic growth rate
the furnace power-input as described hereinafter. After
and through the zero growth rate. This results in a
such constant growth rate conditions have been estab
portion of the grown ingot actually melting back. Dur
lished, a cycle of furnace power variation above and be
..low this initial average power level is established by ing this portion of the cycle, the liquid-solid interface,
swinging the amplitude of the applied furnace power 75 which is clearly visible, may be seen to rise up the col
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umn by 2 or 3 millimeters. As shown by curve C,
the melted-back portion of the grown ingot includes all
of the P-type material and a portion of the N-type ma
terial last grown. It will be appreciated that the ampli
tude and duration of furnace power required to pro
duce this melting-back action can be easily adjusted by
merely watching the climbing movement of the liquid
interface up the ingot as the melt temperature gradient
increases.
The criteria by which the operator may judge the be
havior of the growing crystal in order to properly regulate
the applied heater power in order to practice the invention
are quite simple. A determination of whether the growth
rate is increasing or decreasing and of whether or not
a decreasing growth rate has passed beyond the zero
growth rate and the ingot is actually being remelted de
pends upon the relative velocities of the seed crystal and

6

H may conveniently have a 1-minute duration when
germanium ingots are grown and a 2-minute duration
when silicon ingots are grown.
Although it is desirable, for the production of transistor
devices having optimum characteristics, that the melt-back

cycle completely melt the last formed P-type region, com
of the P-type region during the high power input portion
of the heating cycle will reduce the thickness of the P
type region finally formed in the growing ingot. Thus,
While an experienced operator after making several in
gots according to the invention will know from experience
how to completely melt back the P-type region, improved
transistor devices will be produced as long as the operator
observes any melting back during the high power heat
input cycle. This will be obtained as is hereinbefore de
Scribed when the rising liquid-solid interface is observed

plete melting back is not necessary, as any melting back
O

5

the liquid-solid interface. As has been hereinbefore dis
cussed, the seed crystal is withdrawn at a constant

to rise at a rate faster than the rate of withdrawal of the

shown in Fig. 5. Each power level condition E, F, G and

power level interval. G. The impurity concentration in

Seed crystal from the melt.

velocity generally of the order of 3 inches per hour. 20 It will be appreciated that the power variations neces
When the growth rate of the crystal equals the rate of sary to cause the growth rate of semiconductor ingot 41
withdrawal, the conditions hereinbefore described prevail to pass through the preselected intrinsic growth rate,
and thus form P-N junctions therein, as well as the power
Such that the diameter of the crystal remains substantially
the same and the liquid-solid interface remains at a sta input necessary to cause ingot 41 to melt back will be
tionary position. As the growth rate increases under the
different for each apparatus used. It is, however, a simple
influence of diminishing heater power and exceeds the matter to calibrate any particular crystal growing ap
paratus. This may be done by preparing a melt having a
rate of withdrawal, the liquid-solid interface recedes
down the crystal toward the surface of the melt and may, preselected intrinsic growth rate and, after establishing
at the lowest power level, even spread out over the sur constant growth conditions as hereinbefore discussed,
growing a preliminary monocrystalline ingot with power
face of the melt. Such motion is indicative of an increas
ing growth rate. When under the impetus of increased input variations which progressively increase in selected
input power the growth rate decreases and becomes less increments. The grown ingot may then be removed
and tested for P-N junctions by the method described
than the rate of withdrawal, the liquid-solid interface rises
with respect to the surface of the melt. The actual growth with particularity hereinafter. The point at which P-N
rate is, therefore, the difference between the velocity of junctions form within the ingot, as well as the point at
the rising seed crystal and the velocity of upward motion which extremely thin P-type layers, indicative of melting
of the solid-liquid interface. When the liquid-solid inter back, form, may be correlated with the power amplitude
face is rising at the same rate that the crystal is being variations Supplied to the apparatus to determine precisely
withdrawn from the melt, it follows that the growth rate 40 the amplitude of power variations necessary to form P-N
is then Zero. If the liquid-solid interface rises at a faster junctions and thin P-type layers with the particular
velocity than the velocity of the seed crystal, the growth apparatus.
The practice of the invention as described above with
rate is negative or, in other words, the crystal is not grow
respect to Fig. 6 results in the formation of an ingot having
ing but is melting back.
It thereby follows that the operator may readily ad a shape and impurity distribution partially shown in Fig. 3.
just the power cycle in order to attain the growth rate 45 It will be noted that the thickness variations in ingot
4 are small as compared with the total thickness of the
variation desired. When the operator sees that the ingot.
liquid-solid interface is rising, he knows the growth rate
Fig. 7 shows the excess donor or acceptor impurity
has decreased below the rate of withdrawal. When he
sees the liquid-Solid interface rising at a greater rate content variation along the length of an ingot 41,
than the rate of withdrawal of the seed crystal, he knows 50 represented diagrammatically by bar 42, grown in ac
that the crystal is melting back. When he sees that the cord with the growth rate cycle of Fig. 6. The initially
liquid-solid interface is falling, he knows that the growth grown portion 43 of ingot 41, corresponding to the
initial steady growth conditions of Fig. 6 has a slight ex
rate has increased above the rate of withdrawal. These
criteria, together with the knowledge that growth rate cess of donor impurities producing N-type material. This
must alternately increase and decrease through the 55 donor impurity excess gradually decreases during the
intrinsic growth rate in order to provide alternate N slight furnace power increase interval E until there is a
type and P-type semiconductor regions within the crystal, gradual build-up of excess acceptor impurities producing
a P-type semiconductor region 44. The intermediate P-N
enable the operator properly to increase and decrease in
junction 45 is thus a fairly wide junction region with a
put power in order to attain the desired results.
During the next interval, designated by the letter H, the 60 gradual impurity content gradient across the junction. The
next portion 46 of ingot 41 is grown during the lower
furnace power is decreased to a desired minimum level
until growth again begins, and the growth rate increases power interval F of Fig. 6 and has a gradual decrease in
excess acceptor impurity and a gradual build-up of excess
to produce first P-type and then N-type material. Due to
the melting-back of the grown ingot, the P-type material donor impurity until the material becomes very heavily
grown during the prior high power level interval G is 65 N-type. The resulting P-N junction 47 is similar to that
eliminated, and the only P-type material remaining in of junction 44 with a low impurity content gradient across
the junction region. It will be appreciated that during
the grown ingot is that which is grown as a result of the
these initial power cycle amplitude build-up periods E
increase in growth rate during this latter low power level
interval H. P-type layers having a thickness less than .001 and F, there is no melting back of the grown ingot. The
inch may thus be grown by a change in furnace power 70 next significant portion 50 of ingot 41 is grown during
Sufficient to produce a rate of change of growth velocity
the minimum power level interval H, since the portion
during this interval H of the order of 0.5 inch per minute of the ingot that was grown during maximum power level
per minute. The relative duration of the high and lower interval G is substantially eliminated from the final ingot
power level periods may conveniently be made equal as by the melting back which occurs during this maximum
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trinsed-successively in distilled water, methyl alcohol and

17
the final ingot thus drops abruptly from a great excess

carbon-tetrachloride and dried with compressed air. The

of donor impurities to a moderate excess of acceptor-im
purities to produce a very narrow P-N junction 49 with

a sharp impurity concentration gradient across the junc
tion and a high ratio of negative conduction carriers to
positive conduction carriers on opposite sides of the
junction. P-N junction 49 is thus ideally suited for use
as an emitter junction in a transistor. The excess acceptor
impurity bordering P-N junction 49 in P-type layer 50
gradually decreases and the donor impurity content in
creases as the ingot growth begins and accelerates to pro
duce another P-N junction 51 wider than junction 49 and
having a lower impurity content gradient thereacross.
P-N junction 51 is thus ideally suited for use as the
collector junction in a transistor. If the acceleration of
growth rate is less than 0.8 inch per minute per minute,

junction 51 ordinarily has a capacitance less than 10
micromicrofarads per square millimeter at a reverse bias
voltage of 4.5 volts across the junction.
By the above detailed description I have outlined the
basic principle upon which my invention is based, a typical

fetched germanium together with 10 milligrams of anti
mony, and 0.3 milligram of gallium in individual quantities
swere placed in crucible 5. A seed crystal 40 of germanium
was placed within chuck 32 and transparent chimney
-7 was lowered over the crucible and formed a substan

itially gas-tight seal therewith. The area within was
iflushed with argon and argon was supplied through inlet
O 30 maintaining a positive pressure of approximately 1
centimeter of mercury above atmospheric pressure over
the crucible. Nitrogen at a positive pressure of 1 centi
meter of mercury was supplied to the bottom of the heater
telement through inlet pipe.13a. 1440 watts of 60-cycle
5 alternating current power were supplied to resistance
heater: 4 for 15 minutes in order to melt the germanium

and the designated impurities. When the materials with

20

in the crucible became molten, the heater power was re
duced to 1000 watts. Chuck 32 holding seed crystal 40
was caused to rotate at a rotation speed of 100 revolu

tions per minute and was lowered mechanically until seed
crystals 40, contacted the surface of the melt. When the

apparatus with which the invention has been practiced
and the several various modes of practicing the invention.
Also described are the ranges of absolute and relative

seed crystal was observed to have become partially

melted and became, integral with the surface of the melt,
Minor adjustments, in heater power of the order of 5 or
10 watts were made, to compensate for instrument inac
: curacies in order to maintain a, constant ingot diameter of

amounts of various donor and acceptor impurities which 25 the chuck was withdrawn at a rate of 3 inches per hour.
may be added to a semiconductor melt in order that a

monocrystalline ingot having many P-N junctions therein
may be grown by seed crystal withdrawal. In this
respect, it will be noted that there are two alternative
ways of practicing the invention.

30

% inch. With;a;constant withdrawal rate of 3 inches per

hour, power input to the heater was raised to 1210 watts

and maintained at this value for 40 seconds. At the
end of:40 seconds, heater.input power was lowered to 640
as to fix the intrinsic growth at a value very nearly equal ', watts and maintained at that value for 20.seconds. At the
end of 20 seconds the power was raised again to 1210
to the average rate of crystal growth (rate of crystal with
drawal) and the growth rate is periodically cycled above 8 watts, and maintained at that value for 40 seconds. The
cycle was repeated continuously switching alternately be
and below this value in substantially equal increments,
thus producing alternate regions of N- and P-type semi tween 40-second periods of 1210 watts and 20-second
conductor having P-N junctions therebetween , with periods of .640 watts power input. This rate of growth
In the first alternative, relative amounts of donor and

acceptor impurities are added to a semiconductor. melt:so

gradual inpurity. concentration gradients.

In the second alternative, relative amounts of donor

AO

and acceptor impurities are chosen so as to locate the
intrinsic growth rate at a value very nearly zero; as for
instance % inch per hour. The growth rate is then
cycled above and below the average rate of crystal growth
With an amplitude great enough to cause growth rate to 45
become negative during the high power portion of the

, was maintained for 1 hour. and 20 minutes until the en

tire. melt was withdrawn in the form of a single crystal 4

inches - long. The single crystalline ingot was then re

moved from the chuck and was found to contain; alternate
regions of P- and N-type germanium suitable for the
formation of P-N junction rectifiers.

Example.2
The apparatus shown in: Fig. 1; and described herein
power cycle, at which time a portion of the crystallingot
including the last-formed P-type layer is melted back. 'before, was used in the practice of this example. Twenty
Practicing, the invention in this manner results in the
grams of high purity silicon were etched in a 1-to-3. mixture
- formation of a monocrystalline ingot having many. N-550 by volume of hydrofluoric acid and nitric acid, to remove
type regions, separated from one another by thin P-type surface impurities. The silicon was then rinsed succes
regions having a thickness of the order of 0.001 inch isively in distilled water, methyl alcohol and carbon tetra
. . or less.
: chloride and dried with compressed air. The silicon to

While the invention has been broadly set forth herein gether with 4 milligrams of antimony and 7 milligrams of
before, there are set forth at this point four specifics; 55 gallium in individual quantities were placed in crucible:5.
examples of how the invention has been practiced. Ex A. seed crystal 40 of silicon was placed within chuck. 32
ample 1 describes the growth of a monocrystalline and transparent chimney. 7 was lowered over the crucible
forning a substantially gas-tight seal therewith. The area
germanium ingot having alternating; wide regions of P
and N-type conductivity according to the first alternative within the chimney was flushed with argon and argon was
imode. Example 2 describes the growth of a monocrystal-fito supplied through inlet-pipe 30 maintaining a positive pres
line ingot of silicon of substantially the same characteris sure of 1 centimeter of mercury above atmospheric pres
tics. Example 3 describes the growth of a monocrystal sure over the crucible. Nitrogen at: a positive pressure of
line germanium ingot having extremely thin P-type regions 1 centimeter of mercury was supplied to the bottom of the
by the second alternative mode in which a portion of the heater-element through inlet pipe 13a. 2800 watts of 60
'ingot is actually melted back. Example 4 describes thei:35 cycle alternating current power were supplied to resistance
heater: 4 for 11 minutes in order to relt the silicon and the
growth of a silicon ingot having the same-general char
designated impurities. When; after approximately 11 min
acteristics, also utilizing the second alternative modein
which a portion of the ingotismelted back.
utes, the materials within the crucible become molten,
: heater power was reduced to 2300 watts. Chuck 32 hold
Example 1
ing seed crystal 40 was caused to rotate at a rotation speed
The apparatus shown in Fig. 1 and described herein of 100 revolutions perminute and was lowered mechan
- before was used in the practice of this example. Fifty rically until seed crystal 40 contacted the surface of the
grams of high purity germanium were "etched in a 1-to-3 : melt. When the seed crystal was observed to have par
by volume mixture of hydrofluoric acid and nitric acid to itially melted and become integral with the surface of the

remove surface impurities. The germanium-was 'then 75-melt, the chuck was withdrawn at: a rate of 3 inches per
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hour. Slight increases and decreases in heater power of
the order of 5 or 10 watts to compensate for instrument
inaccuracies were made in order to maintain a constant
ingot diameter of 4 inch. With a constant withdrawal
rate of 3 inches per hour, power input to the heater was
raised to 2500 watts and maintained at this value for 20
seconds. At the end of 20 seconds, heater input power was
lowered to 2100 watts and maintained at that value for
20 seconds. At the end of 20 seconds the power was
raised again to 2500 watts and maintained at that value
for 20 seconds. The cycle was repeated continuously,
switching alternately between 20-second periods of 2500
watts and 20-second periods of 2100 watts input power.
This rate of growth was maintained for 85 minutes until
the entire melt was withdrawn in the form of a single
crystal 4 inches long. The single crystalline ingot was

all the while that the seed crystal is being withdrawn at a

0.

constant rate of 3 inches per minute and rotated at a rev
olution speed of 100 revolutions per minute. The cycle
was continued for 80 minutes until the germanium was
exhausted from the crucible at which time power was
turned off and a 4-inch-long ingot removed from the
chuck. The ingot was then found to contain a plurality
of thin, P-type regions which were of the order of 0.001
inch thick or less. Bars .025 inch square in cross section
and A6 inch long, including a P-type region and 2 adja
cent N-type regions extracted therefrom, were found to be

suitable for the formation of high gain, high frequency
transistors.

Example 4
15

then removed from the chuck and was found to contain

The apparatus shown in Fig. 1 and described hereinbe
fore was used in this example. Twenty grams of high

purity silicon were etched in a 1-to-3 mixture by volume
of hydrofluoric acid and nitric acid to remove surface im
purities.
The silicon together with 4 milligrams of anti
20
mony and 6 milligrams of gallium in individual quantities
were placed in crucible 5. A seed crystal 40 of silicon
The apparatus shown in Fig. 1 and described hereinbe was placed within chuck 32 and transparent chimney 7
fore was used in this example. Fifty grams of high purity
was lowered over the crucible, mating with the inverted
germanium were etched in a 1-to-3 mixture by volume of 25 conical upper section of crucible 5 forming a substantially
hydrofluoric acid and nitric acid to remove surface in
seal therewith. The chimney was flushed with
purities. The germanium was rinsed successively in dis gas-tight
argon to remove the air therefrom and argon was pumped
tilled water, methyl alcohol and carbon tetrachloride and
into chimney 7 through entrance tube 30 to maintain
dried with compressed air. The germanium together with
Within chimney 7 a slight positive pressure of the order of
10 milligrams of antimony and 0.2 milligram of gallium
1 centimeter of mercury above atmospheric pressure.
in individual quantities were placed in crucible 5. A seed 30 The excess gas escaped through vent hole 31 within lower
crystal 40 of germanium was placed within chuck 32 and flange 25 of chimney 7. Nitrogen at a positive pressure
transparent chimney 7 was lowered over the crucible mat of 1 centimeter of mercury was supplied to the bottom of
ing with the inverted conical upper section of crucible 5
the heater element through inlet pipe 13a. 2800 watts of
forming a substantially gas-tight seal therewith. The 35 60-cycle alternating current power were supplied to graph
chimney was flushed with argon to remove the air there
ite heater 4 to melt the silicon and the impurities within
from and argon was pumped into chimney 7 through en
crucible 5. When, after approximately 10 minutes, the
trance tube 39 and maintained within chimney 7 a slight
materials within the crucible became molten, heater power
positive pressure of the order of centimeter of mercury
reduced to 2300 watts. Chuck 32 holding seed crystal
above atmospheric pressure. The excess gas escaped 40 was
40
was
caused to rotate at a rotation speed of 100 revo
through vent hole 31 within lower fiange 25 of chimney
lutions per minute and was lowered mechanically until seed
7. Nitrogen at a positive pressure of 1 centimeter of mer
Crystal 40 contacted the surface of the melt. When the
cury was supplied to the bottom of the heater element seed crystal was observed to have become partially melted,
through inlet pipe 13a. 1440 watts of 60-cycle alternating the chuck was withdrawn from the melt at a rate of 3
current power were supplied to graphite heater 4 for 15
inches per hour. At this point, minor adjustments in fur
minutes to melt the germanium and the impurities within 45
alternate regions of P- and N-type silicon suitable for the
formation of P-N junction rectifiers.
Example 3

Chuck 32 holding seed crystal 40 was caused to rotate at

nace power of the order of 5 to 10 watts to compensate for
instrument inaccuracies were made in order to maintain a
constant thickness ingot having a diameter of approxi
mately V2 inch. With a monocrystalline ingot growing at
a
uniform growth rate of 3 inches per hour and uniform
50 rate of withdrawal of 3inches per hour, a power variation
I cycle was begun. The cycle consisted of periods 36 sec

cycling of the input power to the crucible was maintained

75

crucible 5. When the materials within crucible 5 became

molten, the heater power was reduced to 1000 watts.
a rotation speed of 100 revolutions per minute and was
lowered mechanically until seed crystal 40 contacted the
surface of the melt. When the seed crystal was observed
to have become partially melted, the chuck was withdrawn
onds in length comprising a 30-second period during which
from the melt at a rate of 3 inches per hour. At this
heater current was maintained at 2760 watts and a 6-sec
point, minor adjustments in furnace power of the order - ond period during which current was turned completely off.
of 5 or 10 watts to compensate for instrument inaccura 55 This cycle was repeated continuously during the entire
cies were made in order to maintain a constant thickness - rate growing process. During the high power portion of
ingot having a diameter of approximately 4 inch. With
the rate growing cycle, the liquid-solid interface which was
a monocrystalline ingot growing at a uniform growth rate - clearly visible could be seen to recede up the ingot 2 or 3
and uniform rate of withdrawal both of 3 inches per hour,
millimeters. During the portion of the cycle where the
a power variation cycle was begun. The cycle consisted power has been turned off, the crystal could be seen to
of periods 1 minute in length comprising a 40-second - grow, down and outward into the melt. Most of this
period during which heater power. was maintained at 1440 - growth was removed during the following high power
watts and 20-second period during which no heater power cycle. Only a portion of the first grown crystal equal to
was supplied. This cycle was repeated once each minute - the shaft elevation per cycle remained at the end of the
during the entire rate growing process. During the high 85 high power portion of the cycle. This repeated cycling of
power portion of the rate growing cycle, the liquid-solid the input power to the crucible was maintained all the while
- interface, which was clearly visible, could be seen to re ; that the seed crystal was withdrawn at a constant rate of
cede up the ingot 2 or 3 millimeters. During the portion
3 inches per minute and rotated at a revolution speed of
- of the cycle where the power was turned off, the crystal
100 revolutions per minute. The cycle was continued for
could be seen to grow down and outward into the melti 70 90 minutes, after which the silicon was exhausted from the
- Most of this growth was removed during the following - crucible. The power was then turned off and a 5-inch-long
high power cycle. Only a portion of the first grown crys
ingot was removed from the chuck. The ingot was then
tal equal to the shaft elevation per cycle remained at the found to contain a plurality of N-type regions separated
end of the high power portion of the cycle. This repeated
from one another by thin, P-type regions of the order of

0.001 inch thick or less and forming P-N junctions with
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-adjacent N-type regions. Bars .025 inch-square in cross the present-assignee. The method of producing PN
2

section and A6 inch long extracted therefrom and includ
gain, high frequency transistors.
An N-P-N junction unit in the form of a thin bar, such

-junctions-by the diffusion of an acceptor impurity to a
limited depth within an N-type semiconductor body forms

Referring now to Fig. 8, there is shown a high frequency

ingot 41. have substantially the same impurity activator
content. Likewise, the various N-type regions within

ing 2 such P-N junctions were found suitable for high

a portion of the subject matter described and claimed in
a patent application, Serial No. 187,490, filed. September
1950, by William C. Dunlap, Jr., and assigned to the
as included in the transistor device shown in Fig. 8, may 29,
be easily extracted from the grown ingot:41 as shown by present assignee.
In one well-known manner of operating high frequency
Examples 3 and 4 by slicing the ingot longitudinally into
bars having a width about 0.25 inch and a thickness pref 1. transistor 56, a small change in high frequency current
erably less than .040 inch for power application, substan 10 between electrodes 63 and 57 with emitter junction 49
tially smaller dimension for high frequency application, biased in the easy flow direction produces a much larger
and then breaking or cutting the resulting bars in the cen change in the current which flows between electrodes 63
ters of their N-type regions, for example, along the dashed and 60° with collector junction:51 biased in the difficult
lines 52 of Fig. 7. By employing a fairly high rate of flow direction. The extremely thin dimension of P-type
less than .001 inch, as well as the high ratio of
power cycling at a slow elevation, in other words, a com 15 layer-50,
plete high-to-low power cycle duration of a few minutes, negative to positive conduction carriers bordering junction
for example, 2 to 5 minutes at an elevation rate of 1 to 3 - 49, insures high emissivity of collector current controlling
inches per hour, over 100 P-N junctions may be grown electrons into P-type base layer 50. The thin dimension
Cross-sectionwise along the length of a single ingot, giving of the P-type layer also reduces phase shifts due to transit
rise to several thousand small N-P-N junction bars, such: 20 time effects, and the wide gradual impurity concentration
as illustrated in Fig. 8. In actual dimensions, at least As 's gradient across collector P-N junction 5 provides a high
inch of N-type region should be grown between each P-type impedance, low capacity (usually less than 10 micromicro
layer so that the bars sliced from the grown ingot may be farads) collector junction insuring high gain. Transistors
broken apart without danger of cutting across a P-N junc constructed as described in connection with Fig. 8 have
tion. The physical location of the P-N junctions along the 25 consisteritly showed current gain factors over 50 under
length of the extracted bar can be easily determined by the operating conditions defined above.
Transistors 56, extracted from ingot 41, have many
applying to opposite ends of the bar an alternating voltage
having an amplitude of approximately 500 volts and then advantages over other types of N-P-N junction transistors
pouring a benzene or carbon tetrachloride suspension of including either fused or grown junctions. Due to the
that not additional impurity. additions are made to
barium titanate over the bar. As a result of the potential: fact
difference generated across each P-N junction, this barium melt 39 once the rate growing process has begun and
that the process repeats cyclically the same crystal growth
titanate suspension collects as a fine visible white line only conditions,
the different P-type layers appearing within
along the surface of the bar at each P-N junction.

transistor 56 incorporating an N-P-N junction wafer-type
unit produced in accord with the above-described methods.
A first wire electrode 57, constituting the emitter elec
trode,
is connected by such means as a fused tin or anti
mony contact 58 to N-type region, 59. bordering emitter
P-N junction 49. A second wire electrode 60, constitut
ing the collector electrode, is similarly connected by such
means as a fused tin or antimony contact 61 to the oppo
site N-type region 62 bordering the collector P-N junction
51. A third wire electrode 63, constituting the base or
return electrode, is connected to the P-type “base' layer
50 by an acceptor impurity, such as by a fused indium
contact 64. P-type base layer 50 is so thin (preferably
less-than .001 inch) that it is normally extremely difficult

to connect electrode 63 only to this P-type layer 50 with
out short-circuiting P-N junctions 49 and 50. The use of
an acceptor impurity, such as indium, as the connecting
medium enables the connection to spread over from P-type

region 50 into N-type regions 59 and 62 without danger of
short-circuiting junctions 49 and 51 since a rectifying P-N
junction barrier is also set up between each N-type region
and the region of the semiconductor to which the indium

ingot -41 have substantially, the same impurity activator

concentrations. As a result of the above, it is possible to
produce, from a single rate grown ingot, many thousands
of N-P-N transistors, all of which have very nearly the

40

same electrical properties and are interchangeable as com

ponents in electronic circuits. Contributing to this "uni
formity is the fact that, as may be seen from Figs.-4 and 5,
the acceptor impurity segregation coefficient, and hence
the total segregation of acceptor activator impurities, is

substantially independent of growth rate. Hence, the ac
ceptor activator impurity concentration... is substantially
uniform throughout transistor 56.
Further advantages of transistor 56 over other junction
transistors arise from the rate growing thereof. As may
be seen from Fig. 7(b), the concentration of uncompen
50 sated activator impurities (which determine the electrical
characteristics of transistor -56) varies continually along
bar 42. At the junctions between P-type and N-type re
gions, there are no uncompensated impurities and the
junction is composed of substantially intrinsic semicon
55

45

ductor. Within the P-type region, there is a moderate

is fused.

excess of uncompensated acceptor impurities represented

indium upon the surface of the P-type semiconductor layer
50, press or imbed wire 63 into the top surface of this

intrinsic semiconductor line. In the N-type regions, on
the other hand, the concentration of uncompensated
donor activator impurities is quite high and as a practical
matter the average uncompensated activator impurity con

by the slight excursion of the curve of 7(b) below the

One method preferably employed for making this fused
indium dot connection is to place a small drop or dot of

60

indium dot, and then heat the entire unit for a few min

utes at a temperature in the neighborhood of 400 degrees
C. to cause the indium to fuse to wire 63 and to the
surface of the N-P-N junction unit, thereby bonding the
entire electrode connection together. The surface-adja
cent portion of each N-type semiconductor region 59
and 62 to which the indium fuses is converted into P-type

semiconductor by the resulting indium impregnation and
diffusion with a P-N junction at the limit or boundary
of such acceptor impurity penetration. The indium dot
simultaneously makes an excellent conduction - carrying
connection to P-type base layer 60. Such P-N junction
overlapping indium dot connection forms a portion of the

subject matter covered by my patent application, Serial

- centration of the N-type regions of rate grown transistor
56 is always greater than 10 times the maximum uncom

pensated acceptor impurity activator concentration within
P-type region 50 of transistor 56. This condition results
in the emitter and collector regions 59 and 62 of rate
grown transistor. 56 having average resistivities less than
Ao the resistivity of base region 50 of the transistor. It
is well known in transistor electronics that this condition
70 is desirable, particularly with respect to the collector re
gion. One problem in transistor construction is to keep
the number of minority carriers (in the case of an N-type
-region: positive holes); in the collector: region as low.as
possible-to prevent the current: amplification factor of the
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No.321,262, filed November-18, 1952, and-assigned to 76. transistor (c.) from exceeding one and causing instability,
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By increasing the concentration of uncompensated donor different incremental rates 24
of increase in the percentage
activator impurities in the collector of transistor 56, the of their assimilation within an ingot grown from a semi
probability of instability of operation is drastically re

23

duced. Thus, rate grown transistor 56 possesses decided
advantages over other types of junction transistors which
usually have a lower concentration of uncompensated acti
vator impurities in the collector than in the base.
A further advantage of rate grown transistor 56 over
other junction transistors follows from the heavy prepon
derance of N-type carriers in collector 62. As mentioned O
hereinbefore, the gradient of uncompensated activator im
purities across a collector junction should be gradual. But
on the other hand, the eventual uncompensated donor
activator impurity concentration within the collector
should be high. In making transistors by previously 5
known methods, both of the above aims had to be com
promised somewhat as, in previously known methods of
transistor fabrication, the two aims were inconsistent.
With the variation of uncompensated activator impurity
concentration as shown in Fig. 7(b), achieved by the 20

growth rate cycle shown in Fig. 6, rate grown transistors
serve the two aims.
Although I have described above a particular melt
composition and cycle of ingot growth rate variation pre
ferred for the production of N-P-N junction units destined
for use in high frequency transistors, it will be appreciated
that other easily determined melt compositions and growth
rate variation cycles can be employed to produce single
or multiple P-N junction units destined for other purposes
and having almost any desired geometry and combination
of electrical characteristics.
Additionally, although I have described my invention
principally in connection with the donor impurity anti
mony and the acceptor impurity gallium, it will be ap
preciated that other donor impurities, such as arsenic,
may be substituted for antimony, and other acceptor im
purities, such as indium, may be substituted for gallium.
The only requirements are, firstly, that the donor and
acceptor impurity combination selected be one in which
the donor impurity and acceptor impurities show different
incremental changes in segregation constant with growth
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rate variations relative to the semiconductor involved

and, secondly, that the selected donor and acceptor im

purites be included in melt 39 in proper ratio so as to be
effective equivalent amounts and to have an intrinsic
semiconductor-producing growth rate somewhere be
tween the zero growth rate and the rate at which nucle
ation of the melt begins.
Since many modifications of the invention can, of
course, be made, it is to be understood that I intend
to cover, by the appended claims, all such modifications
as fall within the true spirit and scope of the invention.
What I claim as new and desire to secure by Letters
Patent of the United States is:
1. The method of making semiconductor P-N junc
tion bodies, which method comprises preparing a melt
consisting of a high purity semiconductor, a trace of a
donor activator impurity for the semiconductor and a
trace of an acceptor activator impurity for the semicon
ductor, the impurity traces being included in the meit
in effective equivalent amounts sufficient to provide in
trinsic-type semiconductor in a semiconductor crystal
grown from the melt at a constant growth rate and each
having a different rate of segregation coefficient varia
tion relative to the semiconductor cyer a range of crystal
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growth rate variation encompassing said constant growth
rate, and growing a semiconductor crystal from the melt
at growth rates continuously and cyclically varying above
and below said constant growth rate. . .
-

2. The method of making P-N junctions in semicon
ductors, which method comprises preparing a melt con

70

sisting of high purity semiconductor selected from the

group consisting of silicon and germanium, adding to
said melt a donor activator impurity and an acceptor

activator impurity for the semiconductor. which have

75

conductor melt containing the impurity as the ingot
growth rate increases from zero to 20 inches per hour,
said donor and acceptor impurites being added to the
semiconductor melt in amounts providing substantially
an electrical balance between the negative and positive
conduction carriers induced by the respective donor and
acceptor impurities assimilated by an ingot grown at a
constant growth rate less than 20 inches per hour, and
growing a monocrystalline ingot from said donor and
acceptor impurity impregnated melt at growth rates con
tinuously and cyclically varying through said constant
growth rate.
3. The method of making P-N junction units in a semi
conductor ingot, which method comprises preparing a
melt of high purity semiconductor selected from the
group consisting of silicon and germanium, adding to said

melt a trace of a donor activator impurity for the semi
conductor, adding to said melt a trace of an acceptor
activator impurity for the semiconductor having over a
particular range of growth rate variation a rate of segre
gation coefficient variation that is different from that of
said donor impurity, said acceptor impurity being added
in an amount providing substantially an electrical bal
ance between the negative and positive conduction car
riers in an ingot grown from said donor and acceptor

impurity impregnated melt at a constant growth rate
within said range, growing an ingot from said impurity
impregnated melt, and continuously and cyclically vary
ing the growth rate of the ingot above and below said
constant growth rate to form alternate regions of N-type
and P-type semiconductor within the grown ingot.
4. The method of making P-N junctions in a semi
conductor, which method comprises preparing a melt
consisting of a high purity semiconductor selected from
the group consisting of silicon and germanium, a trace
of donor activator impurity for the semiconductor and
a trace of acceptor activator impurity for the semicon
ductor, the impurity traces being included in the melt
in amounts providing intrinsic-type semiconductor in a

crystal grown from the melt at a constant intrinsic
growth rate and each having a different rate of Segrega
tion coefficient variation over a range of crystal growth
rate variation encompassing said intrinsic growth rate,
and growing a crystal from the melt at growth rates con
tinuously and cyclically varying through said intrinsic
growth rate with a rate of change of growth velocity be
tween 0.05 and 1 inch per minute per minute.
5. The method of making P-N junctions in a semi
conductor ingot, which method comprises preparing a
melt consisting of a high purity semiconductor selected
from the group consisting of germanium and sili
icon, a donor activator impurity for the semiconduc
tor, and an acceptor activator impurity for the semicon
ductor, said donor and acceptor impurities being present

in effective equivalent amounts sufficient to provide in
trinsic-type semiconductor in an ingot grown from said
melt at a preselected intrinsic growth rate between Zero
and 20 inches per hour, said donor and acceptor impuri
ties having different incremental rates of change in their
segregation coefficients within said range of growth rates,
growing a monocrystalline semiconductor ingot from said
melt and producing alternate regions of P-type semicon
ductor and N-type semiconductor in the grown ingot by
continuously and cyclically varying the growth rate of
the growing ingot through said intrinsic growth rate.
6. The method of making P-N junctions in germanium,
which method comprises preparing a melt consisting of
high purity germanium, antimony and gallium in which
the weight ratio of antimony to gallium is from 20 to 60
parts antimony per 1 part gallium and the total antimony
gallium content in the melt is from 1 to 100 milligrams
antimony-gallium for each 100 grams of germanium,

growing a germanium monocrystalline ingot from said
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smelt, and producing alternate P-type and N-type regions
within the growing ingot by continuously and cyclically

26
varying the growth rate thereof between a rate at: which
P-type-germanium is formed and a rate at which N-type

germanium is formed in the grown ingot.
varying the growth rate of the growing ingot-between
12. The method of making, in a semiconductor, P-N
a rate at which P-type germanium is formed and a rate
junction units having a steep conduction carrier concen
at which -N-type germanium is formed therein.
tration gradient, across the junction, which method-com
7. The method of making P-N junctions ingermanium,
prises placing in a crucible a quantity of a high purity
which method comprises preparing a melt consisting of
semiconductor selected from the group consisting of ger
high purity germanium, antimony and indium in which
manium and silicon, a trace of a donor activator impurity
the weight ratio of antimony to indium is 1 part antimony
to from 2.5 to 7.5 parts indium and the total antimony . O for the semiconductor, and a trace of acceptor activator
impurity for the semiconductor, the impurity traces being
indium content in the melt is from 5 to 250 milligrams
supplied in effective equivalent-amounts sufficient to pro
antimony-indium for each 100 grams, germanium, grow
ing a germanium monocrystalline ingot from-the-melt,
vide intrinsic-type: semiconductor in a crystal grown from
a melt thereof at a preselected constant intrinsic growth
and producing alternate P-type and N-type regions. Within
the growing ingot by continuously and cyclically varying 15 rate and each having. a different rate of segregation co
efficient variation over a range of crystal growth rate
the growth rate thereof between a rate at which P-type
germanium is formed and a rate at which N-type - ger
manium is formed in the grown ingot.

variation encompassing said intrinsic growth rate, sup
plying stifficient electrical input power to said crucible to
form a molten melt of the semiconductor and donor land
acceptor, impurities, growing: a-monocrystalline ingot

the growth rate of the growing ingot between a rate, at

conductivity-type semiconductor into the previously

8. The method of making P-N junctions in silicon,
which method comprises preparing a melt consisting of 2)
from said melt by... seed crystal withdrawal at a growth
silicon, aluminum and antimony in which the weight ratio
rate above said intrinsic. growth-rate to provide a region
of aluminum to antimony is from 2.5 to 3.5 parts alumi
of one conductivity-type semiconductor: therein, raising
num per 1 part antimony and the total aluminum-anti
the power input to the melt to cause the growth rate to fall
mony content in the melt is from 0.1 to 10 milligrams
aluminum-antimony for each 10 grams of silicon, grow 25 below said intrinsic growth rate to provide a region of
opposite conductivity-type semiconductor therein, main
ing a silicon monocrystalline ingot from said melt, and
producing - alternate P-type and N-type regions within
taining Said-raised input power to the melt until the ingot
is melted back through the last grown region of opposite
the growing ingot by continuously and cyclically varying

which P-type silicon is formed and a rate at which N-type : 30 grown one conductivity-type semiconductor region, and
, then reducing the power input to the melt thereby causing
silicon is formed therein.
the ingot to begin growing again-at: a growth-rate-below
9. The method of making P-N junctions in silicon,
the preselected intrinsic growth rate forming therein a
which method comprises preparing a melt consisting of
region of opposite. conductivity-type semiconductor-im
of aluminum to antimony is approximately 2.5, parts .", 35 mediately adjacent the one conductivity-type semiconduc

silicon, aluminum and antimony in which the weight ratio

aluminum to 1 part antimony and the total aluminum
antimony content in the melt is about 4 milligrams: alumi
num-antimony for each 10 grams of silicon, growing a

silicon monocrystalline ingot by seed crystal withdrawal
from said melt, rotating the growing ingot at a rate above

20 revolutions per minute to stir the melt at the growing

interface, and forming alternate regions of P-type silicon
and N-type silicon within the growing ingot by con
tinuously and cyclically varying the growth rate thereof

tor into which the ingot is. melted back.

n

13. The method of making in-germanium P-N junction
units having a steep conduction-carrier, concentration
gradient across the junction, a which method comprises
40 placing in a crucible a quantity of high purity.germanium
and traces of antimony and indium in which the weight
ratio of antimony to indium is, 1 part antimony: to from
2.5 to 7.5: parts indium...and the -total antimony-indium
content is from 5 to 250 milligrams antimony-indium per

between a rate at which P-type silicon is formed and a 45 100, grams. of germanium, supplying sufficient electrical
input power to-Said crucible to form a molten melt of
rate at which N-type silicon is formed in the growningot.

10. The method of making P-N junctions in germanium,
which method comprises preparing a melt consisting of

high purity germanium, antimony and gallium in which
parts antimony per 1 part gallium and the total anti
mony-gallium content in the melt is from 1 to 100 milli
grams antimony-gallium for each 100 grams of ger
manium, growing a germanium monocrystalline ingot by

the weight ratio of antimony to gallium is from 20 to 60

germanium, antimony and indium, a growing: a mono
crystalline ingot. from said melt by seed crystal - with
drawal at a growth rate above a preselected value at which
germanium is formed to provide a region; of N
50. intrinsic
type, germanium in the growing ingot, raising the power
input to the melt to cause.the-growth rate to fall below
Said intrinsic growth rate to provide a region of P-type

germanium in the ingot, maintaining said raised input
the last grown P-type region and into the previously
ing ingot at a rate above 20 revolutions per minute to stir
grown N-type region, and then reducing the power input
the melt at the growing interface, and forming alternate
regions of P-type germanium and N-type germanium
to the melt to cause the ingot to begin growing again at a
within the growing ingot by continuously and cyclically . growth rate below the preselected intrinsic. growth rate
varying the growth rate thereof between a rate at which 60 thereby producing a P-type germanium region in the
grown ingot immediately adjacent the N-type region into
P-type germanium is formed and a rate at which N-type
germanium is formed in the grown ingot.
which the ingot is melted back.
r
11. The method of making P-N junctions in germanium,
14. The method of making in germanium P-N junction
which method comprises preparing a melt consisting of
units having a steep conduction concentration carrier
high purity germanium, antimony and indium in which 65 gradient across the junction, which method : comprises
seed crystal withdrawal from said melt, rotating the grow 55 power to the melt until the ingot is melted back through

the weight ratio of antimony to indium is 1 part antimony
to from 2.5 to 7.5 parts indium and the total antimony
indium content of the melt is from 5 to 250 milligrams

: antimony-indium for each 100 grams of germanium,
growing a germanium monocrystalline ingot by seed
crystal withdrawal from said melt, rotating the growing
ingot at a rate above 20 revolutions per minute to stir
the melt at the growing interface, and forming, alternate
regions of P-type germanium and N-type germanium

placing in a crucible a quantity of high purity germanium,
and traces of antimony. and gallium.in which-the weight
ratio of antimony. to gallium is from 20 to 6 parts. anti
mony to 1. part gallium and the total antimony-gallium

content is from 1 to 100 milligrams antimony-gallium per
100 grams of germanium, supplying sufficient electrical
input power to said crucible to form a molten. melt of
germanium, antimony and gallium, growing a mono
- crystalline ingot from said melt by seed crystal with
within the growing ingot by continuously and cyclically 75 drawal at a growth rate above a preselected value at which
70
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intrinsic germanium is formed to provide a region of N N-type germanium region, 28
and then rapidly lowering the
type germanium in the growing ingot, raising the power power input to the melt to accelerate the growth rate
input to the melt to first cause the growth rate to fall
Zero, through a growth rate range at which a thin
below said intrinsic growth rate to provide a region of from
region of P-type germanium is formed in the grown ingot,
P-type germanium in the ingot, maintaining said raised 5 and to said N-type producing growth rate with a rate of
input power to the melt until the ingot is melted back change
of growth velocity of the order of 0.5 inch per
through the last-grown P-type region and into the pre minute per
minute.
viously grown N-type region, and then reducing the
18. The method of making multiple junction semi
power input to the melt thereby causing the ingot to begin.
units suitable for use in transistors which meth
growing again at a growth rate below the preselected 0.- conductor
od comprises placing in a crucible a quantity of high
intrinsic growth rate thereby producing a P-type germa purity semiconductor selected from the group consisting
nium region in the grown ingot immediately adjacent the of germanium and silicon, together with a trace of a
N-type region into which the ingot is melted back.
15. The method of making in silicon P-N junction units.

donor activator impurity for the semiconductor and a
trace of an acceptor activator impurity for the semi

having a steep conduction carrier concentration gradient 5
the impurity traces being supplied in effec
across the junction, which method comprises placing in a conductor,
tive
equivalent
amounts sufficient to provide intrinsic
crucible a quantity of high purity silicon and traces of type semiconductor
a crystal grown from a melt there
aluminum and antimony in which the weight ratio of of at a pre-selectedinconstant
intrinsic growth rate and
aluminum to antimony is from 2.5 to 3.5 parts aluminum. each having a different rate of
coefficient
to 1 part antimony and the total aluminum-antimony con 20 variation over a range of crystal segregation
growth
rate
variation
tent is approximately 4 milligrams aluminum-antimony encompassing said intrinsic growth rate, supplying
suffi
for each 10 grams of silicon, supplying sufficient electrical cient electrical input power to said crucible to form
a
power to said crucible to form a molten melt of silicon, molten melt of the semiconductor and donor and accep
aluminum, and antimony, growing a monocrystalline sili tor impurities, growing a monocrystalline semiconductor
con ingot from said melt by seed crystal withdrawal
from said melt by seed crystal withdrawal, and
therefrom at a growth rate above a preselected value at ingot
continuously and cyclically raising and lowering the
which intrinsic silicon is formed to provide a region of power input to said melt to vary successively the crystal
N-type silicon in the growing ingot, raising the power in growth rate above and below said intrinsic growth rate
put to the melt to cause the growth rate of the ingot to thereby to produce along the length of the grown crystal
fall below said intrinsic growth rate to provide a region 30 alternate regions of opposite conductivity type, the power
of P-type silicon in the growing ingot, maintaining said input to the melt during the high power portion of the
raised power input to the melt until the ingot is melted
cycle being raised to an extent sufficient to melt
back through the last grown P-type region and into the power
the
crystal
back into the portion of the crystal grown
previously grown N-type region and then reducing the during the low
power portion of the power cycle.
power input to the melt to cause the ingot to begin grow 35 19. The method
of making N-P-N junction units,
ing again at a growth rate below the preselected intrinsic which method comprises
in a crucible a quantity
growth rate thereby producing a P-type silicon region in of high purity silicon andplacing
traces of aluminum and anti
the grown ingot immediately adjacent the N-type region mony in which the weight ratio
of aluminum to antimony

into which the ingot is melted back.

2.5 to 3.5 parts aluminum to 1 part antimony
16. The method of making N-P-N junction units suit 40 isandfrom
the total aluminum-antimony content is about 4 milli
able for use in high frequency transistors, which method grams
aluminum-antimony for each 10 grams of silicon,
comprises placing in a crucible a quantity of high purity supplying
electrical input power to said crucible
germanium and traces of antimony and gallium in which to form asufficient
molten
melt of silicon, aluminum and anti
the weight ratio of antimony to gallium is approximately
growing a silicon monocrystalline ingot from the
50 parts antimony to 1 part gallium, and the total anti 45 mony,
melt by seed crystal withdrawal and continuously and
mony-gallium content is from 1 to 20 milligrams anti cyclically
and lowering the power input to the
nony-gallium per 100 grams germanium, supplying elec melt whileraising
the ingot is being grown, the power input to
trical input power to said crucible to form a molten melt the
melt being lowered during each low power portion
of germanium, antimony, and gallium, growing a mono of the
cycle to an extent sufficient to produce an
crystalline germanium ingot from said melt, adjusting the 50 N-type power
region in the growing ingot and being raised
power input to the melt to provide an ingot growth rate during each
high power portion of the power cycle to an
producing an N-type germanium region in the grown in extent sufficient
to melt
the ingot back into the N-type
got, raising the power input to the melt until the ingot region grown during
the previous low power portion of
stops growing and melts back into said N-type germanium the
power cycle.
region, and then rapidly lowering the power input to the 55 20. The method of making N-P-N junction units,
melt to accelerate the growth rate from zero, through a
method comprises placing in a crucible a quantity
growth rate range at which a thin region of P-type germa which
of
high
germanium, and traces of antimony and
nium is formed in the grown ingot, and to said N-type pro gallium, purity
in
which
the weight ratio of antimony to gallium
ducing growth rate with a rate of change of growth is from 20 to 60 parts
to 1 part gallium and the
velocity of the order of 0.5 inch per minute per minute. 60 total antimony-galliumantimony
content
is
from 1 to 100 milli
17. The method of making N-P-N junction units suit
grams antimony-gallium for each 100 grams of ger
able for use in high frequency transistors, which method manium, supplying electrical input power to said crucible
comprises placing in a crucible a quantity of high purity to form a molten melt of germanium, antimony, and gal
germanium, and traces of antimony and indium in which : -lium,
growing a germanium monocrystalline ingot from
the weight ratio of antimony to indium is 1 part antimony 65 the melt by seed crystal withdrawal and continuously
to about 3 parts indium and the total antimony-indium and cyclically raising and lowering the power input to
content is from 10 to 100 milligrams antimony-indium per the melt while the ingot is being grown, said power input
100 grams of germanium, supplying electrical input power being lowered during the low power portion of each
to said crucible to form a molten melt of germanium, . power-cycle to an extent sufficient to produce an N-type
antimony, and indium, growing a monocrystalline germa 0. region in the growing ingot and being raised during the
nium ingot from said melt by seed crystal withdrawal,
high power portion of - each power cycle to an extent
adjusting the power input to the melt to provide an sufficient to melt the ingot back into the N-type region
ingot growth rate producing an N-type germanium region grown during the previous low power portion of the cycle.
in the grown ingot, raising the power input to the melt
21. The method of making N-P-N junction units, which

until the ingot stops growing and melts back into said 15 method comprises, placing in a crucible a quantity of
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tially the same total impurity concentration and that all
high purity germanium, and traces of indium and anti of
said N-type regions have substantially the same total
mony in which the weight ratio of indium to antimony
concentration.
is from 2.5 to 7.5 parts indium to one part antimony impurity
26. An N-P-N junction unit comprising a monocrystal
and the total indium-antimony content is from 5 to 250
milligrams indium-antimony for each 100 grams of ger 5 line semiconductor body having two non-contiguous
zones possessing N-type conductivity characteristics and
manium, supplying electrical input power to said crucible an
intermediate zone less than 0.001 inch thick possessing
to form a molten melt of germanium, antimony, and
gallium, growing a germanium monocrystalline ingot P-type conductivity characteristics and forming P-N junc
with said N-type zones, said unit characterized in
from the melt by seed crystal withdrawal and continuous 10 tions
that the total acceptor impurity concentration is substan

ly and cyclically raising and lowering the power input
tially uniform throughout said zones.
to the melt while the ingot is being grown, said power
27. An N-P-N junction unit comprising a monocrystal
input being lowered during the low power portion of
line semiconductor body having a first zone having therein
each power cycle to an extent sufficient to produce an
an excess of uncompensated donor activator impurities
N-type region in the growing ingot and being raised
during the high power portion of each power cycle to 15 causing said zone to exhibit N-type conductivity char
acteristics, a second zone less than 0.001 inch thick hav
an extent sufficient to melt the ingot back into the N-type
ing therein an excess of uncompensated acceptor activator
region grown during the previous low power portion of
impurities causing said zone to exhibit P-type conductivity
the cycle.
and a third zone having therein an excess
22. The method of making N-P-N junction units suit 20 characteristics,
of uncompensated donor activator impurities causing said
able for use in high frequency transistors, which method
zone to exhibit N-type conductivity characteristics, the
comprises placing in a crucible a quantity of high purity
concentration of uncompensated donor activator impuri
germanium and traces of antimony and gallium in which
ties in said first and third zones being at least ten times
the weight ratio of antimony to gallium is about 50 parts
greater than the concentration of uncompensated acceptor
antimony per 1 part gallium and the total antimony-gal
lium content is from 1 to 20 milligrams antimony-gallium 25 impurities in said second zone.
28. An N-P-N junction transistor comprising a mono
per 100 grams of germanium, supplying sufficient elec
crystalline
semiconductor body having a first N-type zone
trical input power to the crucible to form a molten melt
of germanium, antimony and gallium, growing a mono
crystalline ingot from said melt by seed crystal with 30
drawal, rotating the ingot about its longitudinal axis at a
velocity above 20 revolutions per minute while it is
being grown, continuously and cyclically raising and

constituting an emitter, a P-type zone less than 0.001
inch thick constituting a base contiguous with said emitter

and forming a substantially planar emitter junction there

with, a second N-type region constituting a collector
contiguous with said base and forming a substantially
planar collector junction therewith, the resistivity of said
lowering the power input to the melt while the ingot is
being at least ten times greater than the resistivities
being grown, said melt power input being lowered during 35 base
of said emitter and said collector.
the low power portion of each power cycle to an extent
29. An N-P-N junction transistor comprising a mono
sufficient to produce an N-type region in the growing
crystalline
semiconductor body having a first Zone having
ingot and being raised during the high power portion of
therein an excess of uncompensated donor activator im
each power cycle to an extent sufficient to melt the ingot
purities causing said zone to exhibit N-type conductivity
back into the previously formed N-type region, and ex
40
characteristics, a second zone less than 0.001 inch thick
tracting from the grown ingot small bars each contain
having therein an excess of uncompensated acceptor ac
ing two N-type regions separated by a P-type region.
impurities causing said zone to exhibit P-type
23. A semiconductor body from which P-N junction tivator
conductivity
characteristics and forming with said first
units may be extracted said body comprising a mono
an emitter P-N junction, and a third zone having
crystalline semiconductor ingot having along its length 45 zone
therein an excess of uncompensated donor activator im
a plurality of N-type regions and a plurality of inter
purities
causing said zone to exhibit N-type conductivity
mediate P-type regions and characterized in that all of
characteristics
and forming, with said second Zone, a
said P-type regions have substantially the same total im
P-N junction, said collector junction having a
purity concentrations and that all of said N-type regions collector
gradient of uncompensated activator impurities of less
have substantially the same total impurity concentrations. 50 than
3 x 1018 per cubic centimeter per centimeter there
24. A semiconductor body from which N-P-N junction
across, and the excess of uncompensated donor activator
transistors may be extracted said body comprising a
impurities within said third zone rises to a value greater
monocrystalline semiconductor ingot having along its
than
2 x 1015 per cubic centimeter within 0.01 centimeter
length a plurality of N-type regions and a plurality of
intermediate P-type regions, each of said P-type regions 55 from said collector junction.
being less than 0.001 inch thick.
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