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This invention. relates to means and methods 
for the preparation of solid materials, and par 
ticularly for the preparation of silicon ingots or 
caStings. 
... An object of the invention is to effect a large 
increase in the size of solid bodies of fusible ma 
berials, Suche assilicon, when obtained by metal 
lurgical methods. 

... Another object is to obtain these solid bodies 
of increased sizes and at the same time to re 
tain certain desirable physical and electrical 
characteristics. 
Another object is a method of forming ingots 

of fusible materials, Such as silicon in which dis 
position is made of the forces, of expansion and 
contraction which tend to impair the physical 
characteristics of the resulting material. 
Other objects. are to effect economies in the 

use of time and materials and to realize other 
improvements and advantages in the preparation 
of Silicon ingots, 
In the use of ultra-high frequencies involving 

wave lengths of only a few centimeters in the 
radio and allied signaling arts, it has been found 
that best results are obtainable with translators 
of the Solid-contact type including rectifying ele 
ments of Some Solid material such as crystalline 
silicon. At the present time this material is pre 
pared by fusing silicon powder of high purity and 
casting the melt in ingots. The method and ap 
paratus now available for this purpose impose 
Severe limitations on the amount of material that 
can be obtained from a single ingot. One reason 
for the limited yield from these prior methods is 
the difficulty Of increa Sing the Size of the met 
and maintaining at the same time the definite 
physical structure of the material which is known 
to be essential to good electrical performance. 
Due to the peculiar density characteristic of sili 
con in the neighborhood of the Solidification tem 
perature the mass undergoes both expansion and 
contraction during the process of casting the 
ingot. Also as the silicon mass: hardens it ad 
heres to the walls of the crucible containing the 
melt, and the forces set up as a result of the 
changing volume prevent the hardening mass 
from assuming the desired physical structure and 
in fact, often produce fissures and internal rup 
tures which impair the electrical properties of 
the resulting material. 

In accordance with the present invention, these 
difficulties are overcome and it is possible to ob 
tain ingots, which are much larger in volume and 
which have the internal physical structure that 
is essential to the desired electrical performance 
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when the material is used for electrical translar 
tors. More specifically, these results are realized 
by a method in which the silicon ingot is cast in 
a crucible of such material and of Such design 
that the crucible itself is capable of disposing of 
the forces of expansion and contraction to pre 
vent them from reacting adversely on the physi 
cal structure of the silicon melt. The crucible is 
made of silica, which has a melting point. Substan 
tially higher than that of silicon and which is 
also capable of assuming a state of partial plas 
ticity when subjected to the proper heat treat 
ment at the temperatures to which the silicon 
melt is raised in the fusion process. Furthermore, 
the crucible is designed with walls which are quite 
thin, permitting them to expand, without rup 
ture, during that part of the process in , which 
the temperature of the melt is approaching the 
solidification point. As the temperature ap 
proaches this point the silicon mass undergoes ex 
pansion, and the forces thus created, particularly 
in large melts, would react on the internal struc 
ture of the mass were it not for the yielding capa 
bility of the partially, plastic crucible. The re 
sulting expansion of the crucible relieves these 
forces and permits the internal structure of the 
cooling melt to assume the requisite physical 
characteristics. 
Another feature of the invention is the method 

of casting ingots in which the adhesive forces-be 
tween the surface of the ingot and the surface 
of the crucible containing it are prevented from 
reacting unfavorably on the physical character 
istics of the resulting material of the ingot. This 
desirable end is achieved by controlling the heat 
ing cycle in such a manner that the internal walls 
of the crucible, particularly when the crucible is 
of vitreous silica, undergo a physical change 
which greatly weakens the bond between the: in 
got and the crucible. More specifically, the heat 
treatment to which the crucible is: Subjected be 
fore the melt passes below the temperatures of 
solidification causes a substantial devitrification 
of the internal Wall of the crucible. When there 

5 after the temperature of the melt falls below the 
temperature of solidification, the volume of the 
melt centracts, and the embrittled condition of 
the inner crucible walls permit the easy severance 
of the contracting melt, thus preventing the 
forces of contraction from setting up strains 
within the body of the cooling melt. 
Another feature of the invention is the method 

of forming an ingot of silicon in which the cruci 
ble containing the molten mass of silicon is with 
drawn at a definite rate from the coil which sup 
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plies the heating energy. The effect of this pro 
cedure is to initiate solidification of the molten 
mass at the upper boundary surface, to cause the 
cooling to follow a temperature gradient which 
proceeds longitudinally or downwardly through 
the mass, and to exclude the presence of a trans 
verse temperature gradient which might other 
Wise cause the mass to cool first around its ex 
terior walls. The advantage of this method is 
the attainment of a crystalline structure Which 
is uniform and is free from internal streSSes and 
ruptures which impair the electrical character 
istics. 
These and other features of the invention, in 

cluding the apparatus by which the foregoing 
methods are practiced, will be discussed more 
fully in the following detailed specification. 

In the drawings accompanying the specifica 
tion: 

Fig. 1 is a cross-sectional view of an electric 
furnace and the accompanying apparatus for 
casting ingots of silicon; 

Fig. 2 is a perspective view of the crucible; 
Fig. 3 is a vertical Section of One of the Silicon 

ingots; and 
Fig. 4 illustrates the mechanism for withdraw 

ing the furnace from the heating coil. 
The methods heretofore used for the produc 

tion of Silicon for use in microwave rectifiers have 
been slow and expensive because of the severe 
limitation upon the permissible size of the ingot. 
Generally speaking, it has not been possible to 
increase the size of the ingot much beyond 65 
grams. If larger melts were attempted an in 
pairment of the physical structure of the ingot 
usually resulted in the form of internal cracks 
and ruptures. 
The method of the present invention, however, 

makes it possible to increase the size of the ingot 
Several fold. In fact, it is poSSible to cast an ingot 
Weighing as much as 320 grams which is entirely 
free of cracks and other impairments and has 
the desired internal structure. This greatly in 
Creased ingot size is attained by the unique cast 
ing method. Which will be described hereinafter. 
Before discussing the method in detail, however, 
it should be explained that the electrical proper 
ties of the resulting silicon material are known 
to depend in large measure on the crystalline 
Structure of the material and that this structure 
depends upon the heat treatment and other fac 
tors attending the casting of the ingot. It is 
believed that an approach to the ideal material 
Would be realized in an ingot which was cast and 
Solidified in such a manner that the solidification 
of the melt begins at the top and proceeds uni 
formly in a plane front toward the bottom, the 
Solidification taking place under conditions such 
that no undue forces are imposed upon the in 
ternal Structure. In such a case the crystal grains 
Would assume a parallel disposition extending 
from top to bottom in the ingot and lying per 
pendicular to the plane along which the cooling 
front progresses. 
The method of the present invention very 

closely approximates the ideal above mentioned; 
it is capable of producing material having the 
desired grain structure and other properties es 
Sential for good electrical rectification. Refer 
ring for the moment to Fig. 3, which shows a 
vertical Cross-section of an ingot of silicon pro 
duced by the present method, it will be seen that 
the columnar grain structure follows in large 
measure the ideal pattern. The fan-like growth 
of the crystals is the result of the temperature 
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4 
gradient, which is such that the cooling front 
proceeds from top to bottom along a Surface 
which is more or less parabolic rather than plane 
as it would be in the ideal case. While this crys 
talline structure is important, another condition 
which is also very important to the ultimate per 
formance is the freedom of the ingot from all 
cracks and other imperfections and from un 
natural strains and stresses which tend to OCCur 
in material prepared by the ordinary methods. 
The apparatus by which the method is per 

formed is illustrated in FigS. and 2. ESSentially 
this apparatus comprises an electric induction 
furnace, including a silica, tube and a high fre 
quency heating coil 2 surrounding the lower por 
tion of the tube. The bottom end of the furnace 
tube may be filled with some inert substance 3 
such as aluminum oxide grain. This filler 3 
serves as a bed for supporting a cylindrical graph 
ite shield 4 within which the crucible 5 is dis 
posed. The crucible 5 is a cylindrical Cup of 
vitreous silica, and the walls and bottom are pur 
posely made very thin to permit them to deform 
under the expanding influence of the ingot dur 
ing the cooling process. The purpose of the 
graphite shield 4 is to develop heat by induction 
from the high frequency field set up by the coil 
2 and to transfer this heat by conduction and 
radiation to the crucible 5 and to the contents 
thereof. 
Surrounding the shield 4 and substantially con 

centric therewith is a second Shield 6 which rests 
on the bed 3 and is preferably made of aluminum 
oxide. The purpose of the Shield 6 is to retain 
and control the heat developed by the graphite 
shield 4. 
The upper end of furnace tube is sealed into 

the head 8 by a suitable cementing material 7. 
The head 8 is surrounded by a coiled pipe 9 
through which water is circulated for cooling 
purposes. Also a gas inlet 10 enters the head 8 
and terminates in a silica tube in the interior 
of the furnace. 
The top of the furnace head 8 is sealed by a 

cap 2 which is bolted thereto with gaskets of 
lead or other suitable material. The cap 2 con 
tains a glass Window 3, through which the in 
terior of the furnace may be observed, and a gas 
outlet pipe f4. A stirring rod 5 extends through 
the head 2 and into the interior of the furnace. 
The rod 5, which is made of metal, is supported 
by a rubber seal 7 which fits into the upper 
end of a flexible rubber sleeve 6. The lower end 
of the flexible sleeve 6 fits over the end of the 
metal tube 2, which in turn is secured in an 
opening in the head f2. Within the furnace the 
metal rod fS terminates in a section of Silica 
tUbing f 8. 
Any suitable optical pyrometer 9 is provided 

for observing the interior of the furnace while the 
heat is on. This instrument includes a cathedral 
prism 20, which receives light from the surface 
of the melt through the window 3, a series of 
filters which pass only monochromatic light, and 
a lamp having a calibrated filament. The lamp 
is connected to a milliammeter and a variable 
Source of potential, not shown in the drawing. 
The brightness of the light coming from the sur 
face of the melt is compared with the light from 
the calibrated filament, and in this manner it is 
pOSSible to determine the temperature of the 
molten Silicon within the furnace. 
Since the Silicon ingot is usually prepared from 

powdered silicon having a substantial volume be 
fore being melted, a hopper 23 is provided for 
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'holding the excess volume of the charge until it 
is melted. The small-end of the hopper 23 enters 
the open end of the crucible 5, permitting the 
excess material to pass down into the Crucible 
as it melts. To facilitate the movement of the 
:powder. from the hopper, into the crucible the 
stirring rod 5 is manipulated from the exterior 
of ther-für näce while the melting operation is tak 
ing place, the flexibility; of the rubber: sleeve: 6 
being sufficient for this purpose. 
The fusion process will now be described. With 

*the cover plate 12 removed and the furnace tube 
lowered into the heating coil 2, the silica cruci 

ble 5 and shields. 4. arad. 6. are placed in position 
on the bed 3 of aluminum oxide, grain. Next a 
lineasured charge of Siliconi having a high degree 
of chemical purity and preferably in the form 
of a powder is applied to the crucible 5 through 
the hopper 23, the excess of the charge remain 
'ing in the hopper after the crucible is full. The 
lid 2 is now. replaced and bolted into position 
to Seal the Upper-end of the fürnace. tube. 

It is desirable to exercise a close control over 
the character of the atmosphere within the fur 

* nace during. the heat. - To this end the "air with 
in the furnace is first exhausted through the out 
let pipeii A, following which an atmosphere of 
some inert gas, such as helium, is introduced 
through the pipe, 0- and is maintained at a suf 
ficient pressure within the furnace to insure an 
orderly fusion of the charge. 

Alternating current of high frequency is ap 
plied to the heating coil 2 to develop about 5 
kilowatts' of power for an interval of about five 
minutes. During this time, the temperature of 
the charge within the furnace is raised to a point 
in the neighborhood of 900° C. Next the power 
is increased sufficiently, to raise the temperature 
to 1600° C., where it is held for a period of twenty 
minutes. During the temperature change from 
'900° to 600° C., the silicon powder fuses and 
assumes a molten state; the melting point being 
at or possibly a little above, 1400° C. As the pow 

' der” isi meiting in the crucible 5 - the , operator 
naanipulates the stirring rod 5 to facilitate the 
discharge of the excess powder from the hopper 
'23 down into the crucible, 

The next step is to reduce the power applied 
to the heating coil until the temperature of 
the melt and the crucible containing it assures 
a value between 1450° and 1550°C. The temper 
ature is maintained at this point for a period of 
an hour. During this time the thin walls of 
the vitreous, silica crucible 5...become sufficiently 
plastic to permit the crucible to undergo a Sub 
stantial amount of deformation without rupture. 

t. Also during this heating interval a certain amount 
of devitrification of the silica: takes place par 
ticularly in the surfaces of the crucible, includ 
ing the surfaces which are adjacent the molten 
charge. of Silicon. These changes are very in 
sportant for reasons. which will be explained here 
inafter. 
The next step in the process is to effect the 

s solidification of the melt in such a manner as 
to carefully control the character of the inter 
nal structure of the-final ingot. This step is ac 
complished by holding the heating power con 
stant and raising the furnace tube up out of 
the heating coil 2 at a predetermined rate, Such 
as an eighth of an inch per minute. The mecha 
nism for raising the furnace is illustrated in Fig. 4. 
The furnace is suspended in position in the 
heating. coil 2 by a cord 30 which is secured to a 
shaft, 3. The shaft 3i is driven by a motor 
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32 through a gear: reduction mechanism. 33. AS 
Soon as the upperaost layer of the molten charge 
in the crucible passes out of the influence of 
the heating field its temperature drops, and this 
upper layer Solidifies and Seals the charge within 
the crucible. It: should be noted at this point 
that the changes of temperature, which have 
taken place during the previous Steps of the 
process have been accompanied by changes of 
yourine of the molten charge which correspond 
to the coefficient of, expansion of the material. 
AS. long as the inoltera charge. has a free Sur 
face these volune changes take place within the 
cruciiole without the exertion of any appreciable 
force against the walls thereof... As Soon, how 
ever, as the upper layer of the metal has Solidi 
fied, any positive Volume changes occurring there 
after manifest themselves by the application of 
corresponding forces to the crucible. 
AS Succeeding layers of the molten charge pass 

out of the heating field, their temperature: falls 
below the melting point, and these layers in turn 
Solidify. During the decline of the tempera 
ture fl'oin a point Substantially above the Solidi 
fication temperature of the molten silicon to the 
final cooling values the charge, because of the 
peculiar density characteristic. of silicon, under 
goes first a density and volume change in one 
direction and later a density and volume change 
in the opposite direction. More Specifically, the 
voiune of the silicon neit increases substantially 
dufing the hime the declining temperature is 
approaching the Solidification point and there 
after decreases in response to a continuing fall 
in te temperature. Therefore, . as each of the 
progreSSive layerS paSSes through this falling 
teinperature range, it first expands and then con 
tracts in... volutine. Since each expanding layer 
is: confined by the solidified material above, it 
creates forces of expansion which are applied di 
rectly to the Walls, of the Silica, crucible. The 
crucible, however, is in a state of partial plas 
ticity. at this time and is capable of yielding Suf 
ficiently to prevent these forces from reacting and 
Setting up Stresses within the body of the Solidi 
fying material. Thus the progressively cooling 
layers of the neit 24 (Fig. 3), are permitted to 
aSSume their natural internal crystalline struc 
ture free from the influence of the external forces. 
In this figure the expansion that takes place in 
the melt relative to the original volume is illus 
trated by the Solid and broken lines. The broken 
line shows the Original interior boundaries of the 
crucible before deformation, and the solid line 
shows the boundary of the melt after it has ex 
panded and deformed the plastic crucible. 
In the manner: above explained, the forces of 

expansion which occur during the first part of 
the cooling cycle are relieved by the ready de 
formation of the crucible and prevented from 
reacting unfavorably on the internal structure of 
the resulting ingot. It will now be explained how 
the present process prevents the forces of con 
traction from affecting the structure of the ingot. 
The adhesive properties of silicon are: such that 
a bond of substantial strength is made between 
the external Surface of the ingot and the interior 
surface of the crucible. Unless, therefore, some 

: provision is, otherwise made the contraction of 
: the ingot, after it has solidified and is decreasing 
in temperature, sets up internal forces which 

: affect: the physical structure of the final material. 
This detrimental effect, however, is prevented by 
weakening the bonds between the solidifying in 

i got and the walls of the crucible, A.S. above ex 
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plained, this step in the process is effected by 
applying the heat for a substantial time while 
the temperature is above the point of Solidifica 
tion and above the range in which the silicon melt 
undergoes contraction in response to decreasing 
temperature. The result of this prolonged appli 
cation of heat to the Walls of the Crucible is to 
devitrify and embrittle the silica of the crucible 
to a substantial depth so that the solidifying in 
got can readily sever itself from the walls of the 
Crucible When it subsequently undergoes contrac 
tion in response to the decline in temperature. 
To recapitulate, the prolonged heat treatment 

just prior to solidification serves to devitrify and 
embrittle the outer surfaces of the silica crucible 
and to render the inner material of the walls and 
bottom partially plastic. Although sufficiently 
plastic to yield to the expanding melt, the crucible 
retains enough strength and rigidity to confine 
the melt in substantially its original shape until 
it solidifies. 

After the furnace tube is fully withdrawn 
from the heating coil 2 and is permitted to cool to 
room temperature, the lid is taken off and the 
Crucible and ingot removed from the interior. 
The cast ingot is then removed from the crucible, 
the latter being broken into parts if necessary 
to facilitate the removal. 
Throughout the cooling process the full inten 

sity of the heating coil is applied to those portions : 
of the mass which still remain within its influ 
ence. Thus, the cooling of each receding layer 
occurs with substantial uniformity throughout 
the entire cross-section of the mass. In other 
Words, the cooling gradient proceeds substantially 
in a single direction from the top of the mass to 
ward the bottom, and there is practically no 
gradient in a transverse direction through the 
maSS. The advantage of this heat control is a 
final material which is free from internal stresses 
or other influences which react adversely upon 
the electrical characteristics thereof. 
The resulting ingot, illustrated in Fig. 3, is a 

body of Crystalline silicon having a well defined 
internal structure free from cracks, ruptures and 
internal stresses, and having a highly symmetri 
cal columnar grain structure. The ingot 24 is also 
divided into Zones With respect to the electrical 
properties of the material. The upper portion, 
which is first to solidify, develops a positive ther 
mal electromotive force. That is to say, if a me 
tallic point is placed in contact with an element 
taken from the upper Zone, the combination is 
highly assymmetrical, and the direction of cur 
rent flow is from the silicon element to the me 
tallic point. This upper Zone of the ingot is 
known as the positive or P zone. The lower por 
tion of the ingot, which is last to cool, develops a 
negative thernal electromotive force and is 
known as the negative or N zone of the ingot. 
Translators made of material made from this 
Zone conduct in the opposite direction. Between 
the P and the NZOnes is a thin separating layer 
known as the barrier layer. 

If desirable additional steps in the process may 
be introduced to facilitate the separation of the 
cooling melt from the surfaces of the crucible. A 
first precaution that may be taken is to preheat 
the crucible at 1600 C., for about fifteen minutes 
prior to the introduction of the charge. This 
preheating operation augments the devitrification 
of the walls of the crucible. A second step is to 
Coat the inner surface of the crucible with a 
hydrolyzed solution of ethyl silicate. This solu 
tion leaves a thin coating of silicic acid on the 
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8 
inner Walls of the crucible, which when heated 
to 1000° C. dehydrates to silica. 

If desirable the graphite shield 5 may be pro 
tected by coating the inner surface thereof with 
beryllium oxide. This coating protects the shield 
in the event the crucible ruptures during the 
fusion of the silicon. 
Any of the well-known methods may be used 

for cutting the ingot into units of suitable size 
and dinnensions for use in electrical translating 
devices. 

It Will be understood that numerous Wariations 
may be made in the process above described with 
Out deviating from the invention. The values of 
pOWer, temperature, and time given above have 
been found to give good results, but it will be 
obvious that these may be varied within reason 
able limits. 
What is claimed is: 
1. The method which comprises fusing a quan 

tity of Silicon in a crucible, applying heat until 
the crucible assumes a state of partial plasticity, 
lowering the temperature of the melt toward the 
point of Solidification resulting in an expansion 
of the Volume thereof, and dissipating the forces 
caused by the expanding melt by a corresponding 
eXpansion of the Walls of the plastic crucible. 

2. The method which comprises fusing a quan 
tity of Silicon in a crucible, applying heat until 
the crucible assumes a state of plasticity, chang 
ing the temperature of the silicon melt over that 
part of the temperature scale in which the vol 
ume of the melt increases with the temperature 
change, and relieving the internal structure of 
the melt of the forces resulting from the expand 
ing Volume by dissipating said forces in a corre 
Sponding expansion of the plastic crucible. 

3. The method of preparing an ingot of a fusi 
ble material which has the property of increasing 
in volume in response to a decrease in tempera 
ture, Said method comprising applying heat to 
fuse a charge of said material in a crucible, and 
to plasticize the walls of said crucible until they 
are capable of yielding to the forces of expansion 
caused by the increasing volume of said charge. 

4. The method of preparing an ingot of a fusi 
ble material which has the property of increasing 
in volume in response to a decrease in tempera 
ture, said method comprising applying heat to 
fuse a charge of said material in a crucible, and 
to plasticize the walls of said crucible until they 
are capable of yielding to the forces of expansion 
caused by the increasing volume of said charge, 
and reducing the temperature of said fused charge 
until it solidifies. 

5. The method of preparing a silicon ingot 
Which comprises applying heat to a quantity of 
Silicon in a crucible which becomes partially 
plastic at temperatures in the neighborhood of 
the Solidification point of the silicon to fuse the 
Silicon and partially plasticize the Crucible, low 
ering the temperature of the upper layer of the 
melt to effect solidification of said upper layer 
and to Seal the molten interior, effecting a reduc 
tion of the temperature of the remainder of said 
melt and a corresponding increase in the volume 
thereof, and dissipating the forces of eXpansion 
incident to the increasing volume of the melt by 
a corresponding increase in the volume of the 
Crucible to relieve the interior structure of the 
melt from Said forces of expansion. 

6. The method of forming in a crucible an ingot 
of a fusible material which has the property of 
adhering upon solidification to the material of 
which the crucible is formed and which has the 

  



2,475,810 

property of contracting in volume as the melt 
undergoes solidification, which comprises apply 
ing heat to said crucible and to a charge of the 
fusible material therein to raise said charge to 
a temperature above the melting point thereof, 
and to devitrify the inner walls of the crucible 
to permit the separation of the solidified ingot 
from Said crucible. 

7. The method of forming in a crucible an ingot 
of a fusible material which has the property of 
increasing in volume in response to decreasing 
temperatures in a certain range and decreasing 
in volume in response to decreasing temperatures 
in a lower range and which also has the property 
of adhering upon Solidification to the material 
of which the crucible is formed, said method com 
prising applying heat to said crucible and to a 
charge of the fusible material therein to raise 
said charge to a temperature above the melting 
point thereof, maintaining Said Crucible at a tem 
perature above said melting point until it be 
comes sufficiently plastic to yield to the expansion 
of Said charge when undergoing a volume in 
crease, and until the walls of Said Crucible become 
sufficiently devitrified to permit the free separa 
tion therefrom of the Solidified charge when 
undergoing a Volune decrease. 

8. The method which comprises fusing a quan 
tity of silicon in a crucible by the application of 
heat from an exterior Source, and cooling the 
molten mass to form an ingot of crystalline silicon 
by withdrawing the crucible from the source of 
heat in Such a manner and at Such a rate that 
Solidification is initiated at the free boundary of 
the maSS and proceeds in a single direction toward 
the opposite boundary of the mass, 
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9. The method which comprises fusing a quan 

tity of silicon in a crucible by applying heat 
thereto from a heating coil Surrounding the cruci 
ble, and Withdrawing the crucible from the coil 
in a given direction to initiate cooling of the 
molten maSS at the free boundary thereof, to 
effect a cooling gradient which progresses from 
Said boundary in a single direction toward the 
Opposite boundary, and to form an ingot of silicon 
which is free from internal ruptures and stresses. 

HENRY C. THEUERER. 
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