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9 Claims. (C. 148-1.6) 

This invention relates in general to certain new and 
useful improvements in single crystal elements and com 
pounds and more particularly, to single crystal elements 
and compounds which are formed by the temperature 
gradient freeze process. 

Today, single crystal substances have found widespread 
application in the electronics industry, for use in the 
manufacturing of semi-conductor devices Such as tran 
sistors and rectifiers. The operation and performance 
of these semi-conductor devices, however, is primarily 
based upon the properties of the single crystal struc 
ture. Consequently, the amount of crystal defects ap 
pearing in the structure of the crystal must be relatively 
small before the structure is suitable for use in semi 
conductor devices. Therefore, it is of strategic impor 
tance to produce a single crystal structure which is rela 
tively pure and which is relatively free of cracks and 
crystal dislocations. A crystal dislocation sets up in 
ternal strains within the crystal which will eventually 
initiate undesirable polycrystalline growth. 
One rather effective method, heretofore used in the 

production of single crystal elements and compounds, is 
the temperature gradient freeze method. This method 
generally consists of placing polycrystalline material in 
a crucible, melting the polycrystalline material in the 
crucible, and placing the crucible in a tube furnace 
which is capable of producing a temperature gradient 
along its length so that it is hotter at one end than at 
the other. As the temperature of the furnace is reduced, 
and the gradient is shifted, a portion of the material within 
the crucible will freeze causing a solid-liquid interface. 
Thus, when the gradient has shifted to a point below the 
freezing point of the material, a single crystal struc 
ture is formed within the crucible. 
While the temperature gradient freeze method has been 

effective, it has suffered certain serious deficiencies. In 
the first place, it is rather difficult to maintain a linear 
temperature gradient across the entire length of the cru 
cible. Secondly, it has been difficult to maintain even 
heating distribution across the entire length of the cru 
cible. Thirdly, it has been rather difficult to control 
the solid-liquid interface. Recent investigations have 
shown that an accurate solid-liquid interface materially 
reduces the possibility of crystal dislocation, imperfec: 
tions such as microscopic cracks and uneven crystal 
growth. However, there have been no effective meth 
ods devised for effectively controlling the shape of the 
interface. 

It is, therefore, the primary object of the present in 
vention to provide an apparatus and method for pro 
ducing single crystal elements and compounds having a 
high degree of crystal purity and excellent crystal struc 
ture. 

It is a further object of the present invention to pro 
vide an apparatus and method for controlling the liquid 
solid interface when single crystal structures are pro 
duced by the temperature gradient freeze method. 

It is another object of the present invention to pro 
vide an apparatus of the type stated which is capable 
of maintaining a relatively uniform temperature gradient 
along the longitudinal axis of the crystal bearing con 
tainer. 

It is an additional object of the present invention to 
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2 
provide an apparatus of the type stated which is rela 
tively inexpensive to manufacture. 

It is another salient object of the present invention 
to provide a new and simple method for producing large 
amounts of single crystal structure by the temperature 
gradient freeze process. 
With the above and other objects in view, my invention 

resides in the novel features of form, construction, ar 
rangement, and combination of parts presently described. 

In the accompanying drawings: 
FIGURE 1 is a front elevational view of an apparatus 

for producing single crystal structures and which is con 
structed in accordance with and embodying the present 
invention; 
FIGURE 2 is a horizontal sectional view taken along 

line 2-2 of FIGURE 1; 
FIGURE 3 is a longitudinal sectional view taken along 

line 3-3 of FIGURE 2; 
FIGURE 4 is a transverse sectional view taken along 

line 4-4 of FIGURE 2; 
FIGURE 5 is a top plan view of a modified form of an 

apparatus for producing single crystal structures and 
which is constructed in accordance with and embodying 
the present invention; 
FIGURE 6 is a vertical sectional view taken along 

line 6-6 of FIGURE 5; 
FIGURE 7 is a diagrammatical view of a temper 

ature gradient freeze chart showing the temperature gradi 
ent over a length of ingot when the ingot was cooled 
in accordance with prior art methods; and 
FIGURE 8, is a diagrammatical view of a temper 

ature gradient freeze chart showing a temperature gradi 
ent over a length of ingot when the device of the present 
invention is employed. 

Generally speaking, the present invention comprises 
a heat conducting shield and a heat insulating shield 
which are concentrically disposed about a crucible hold 
ing the polycrystalline material. The device is then 
placed in a temperature gradient freeze furnace for heat 
ing the polycrystalline material above its melting point 
to produce a liquid or so-called "melt.” The melt is 
then cooled in such a manner that a liquid-solid inter 
face is formed and moves from one end of the crucible 
to the other. Through the combination of heat conduct 
ing and heat insulating shields, it is possible to obtain 
relatively linear heat application to the entire length of 
the crucible and hence maintain good crystal structure 
with relatively few crystal dislocations. 

Referring now in more detail and by reference char 
acters to the drawings which illustrate practical embodi 
ments of the present invention, A designates an apparatus 
for producing single crystal structures which comprises 
an elongated boat-shaped crucible or so-called "crystalliz 
ing container” 1, preferably made of quartz, and which is 
often referred to in the art as a “boat.' The boat 1 
includes a bottom wall 2 which integrally merges into a 
pair of sidewalls 3, 4 and which are in turn integrally con 
nected by transverse end walls 5, 6. 
The boat 1 is then suitably placed in an open ended 

transparent ampule 7 which is then sealed in any con 
ventional manner such as by fusing a removable end 8 
thereto. The ampule 7, however, is conventional in its 
construction, and is therefore not described in detail 
herein. 
The ampule 7 is concentrically disposed within an 

opended tubular heat conducting sleeve 9, preferably 
formed of silicon carbide or other heat conducting mate 
rial which has a higher heat conductivity than the crucible 
1 and the material being treated in the crucible 1. The 
heat conducting sleeve 9 is preferably formed with a 
wall thickness of approximately 4 inch for a 12 inch 

  



3,242,015 
3 

length, the wall thickness increasing with an increase in 
length. A tubular heat insulating sleeve or heat insulating 
shield iO preferably formed of fibrous aluminum silicate, 
and having a heat conductivity of 2.26 B.t.u./hr./sq. 
ft.- F. at normal operating temperature of 1250 F., is 
concentrically disposed around and extends axially along 
the heat conducting sleeve 9. At these temperatures, the 
shield 10 is preferably formed of a fibrous material 
since the insulating qualities thereof are improved. The 
heat insulating shield 10 is preferably circular in vertical 
cross-section, and has an annular wall thickness of ap 
proximately 4 inch, for a 10 inch length, the wall thick 
ness also increasing with an increase in length. More 
over, by reference to FIGURES 2 and 3, it can be seen 
that the heat insulating shield 10 is slightly shorter in 
overall length than the heat conducting sleeve 9, thereby 
defining an extended heat gathering terminal portion 
on the heat conducting sleve 9 which preferably has a 
length of 2 inches. At its left transverse end, reference 
being made to FIGURE 2, the heat insulating shield 10 is 
integrally provided with an inwardly struck annular 
flange 12 having a radial thickness which is approximately 
equal to the annuiar wall thickness of the heat conduct 
ing sleeve 9 and thereby forms a central heat dissipating 
aperture 13 which is aligned with the bore of the heat 
conducting sleeve 9. A heat insulating plug 14 prefer 
ably formed of the same material as the shield 0, is re 
movably disposed in the open end of the heat gathering 
portion 11 in a closure-wise position. Fibrous calcium 
aluminate has also been found to be very Suitable as a 
material of construction for the shield 10. When low 
melting point materials are used in the crucible 1, a 
metal sleeve, such as nickel, tungsten or molybdenum can 
be employed for the shield 10. Use of a metal of this 
type will give a greater heat conductivity than the mate 
rial in the crucible 1 and the shield 10 will, if main 
tained in a reducing atmosphere, exhibit a bright heat re 
flecting surface and thereby reduce radiation from the 
sidewalls of the crucible 1. For this purpose, it is de 
sirable to inject an inert or reducing gas Such as argon, 
or hydrogen into the furnace 15. 
The aforementioned assembled components are then 

placed in a suitable furnace 15 which is capable of pro 
ducing single crystal structures by the temperature gradi 
ent freeze process. The furnace 15 is provided with a 
pair of upstanding supports 16 which engage the shield 
10 near each of its transverse ends. The remainder of 
the furnace 5 is conventional in its construction, and is 
therefore not described in detail herein. However, the 
furnace 15 is provided with a heating element 17 which 
is designed to cause a linear temperature differential 
between the two ends of the furnace 5. While the 
furnace 15 illustrated herein is provided with a heating 
element 17 with progressively increased spacing between 
the convolutions thereof, it should be understood that any 
suitable furnace such as the so-called “Globar' or “in 
duction' furnaces could be employed. 

In operation, the crucible is initially charged with a 
suitable amount of polycrystalline material, such as galli 
um arsenide, to the approximate level as shown in FIG 
URE 3. The crucible is next placed within the ampule 7, 
the removable end 8 is sealed, the ampule 7 is evacuated 
and is in turn placed within the heat conducting sleeve 9. 
By reference to FIGURE 3, it can be seen that the heat 
conducting sleeve 9 is slightly longer than the overall 
length of the ampule 7, and moreover has its terminal por 
tion 11 located within the hot end of the furnace 15. 
Next, the heat conducting sleeve 9 is concentrically dis 
posed within the heat insulating shield 10 until the left 
transverse end of the sleeve 9 abuts the interior surface 
of the annular flange 12, substantially as shown in FIG 
URE 3. Finally, the assembled components are suitably 
placed within the furnace 5. By reference to FIGURE 
1, it can be seen that the greater number of turns of 
the heating element 17 are located near the right trans 
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4 
verse end of the furnace 15, and hence this is the hotter 
portion of the furnace 15. It can be seen that the 
spacing between the convolutions of the heating coil or 
heating element 17 increases as it traverses the length of 
the furnace A5. Consequently the left transverse end of the 
furnace 5 is cooler than the right transverse end, caus 
ing a temperature differential through out the length of 
the furnace, which differential is relatively linear. 
The heating coil 17 is ultimately connected to a suit 

able source of electrical current (not shown), and through 
Suitable control means (also not shown) is heated to a 
temperature above the melting point of the gallium ar 
senide so that the entire charge melts. The crucible 1 
and the melt are then cooled so that freezing begins at 
the left transverse end of the crucible or at the trans 
verse end wall 6. Further cooling is carried out in 
the furnace 15, while still maintaining the linear tempera 
ture differential throughout the entire length thereof, so 
that an isothermal surface or liquid-solid interfaces near 
the melting point passes progressively through the melt 
until the entire melt has solidified. In this manner a 
single nucleus which first forms near the end wall 6 
in the crucible 1 can be made to grow and fill the entire 
crucible, yielding a single crystal approximately of the 
size and shape of the crucible itself. 
The temperature of the furnace 5 is maintained at a 

point so that the Solidification takes place at a relatively 
slow rate. In connection with the above, a rate of solidi 
fication where the interface is moves at approximately 
0.1 to 0.3 centimeter per hour has been found to produce 
most desirable results. At this rate, dislocation in the 
crystal is materially reduced. In the past, it was difficult 
to maintain a relatively constant linear temperature dif 
ferential across the entire length of the crucible 2. How 
ever, with the heat conducting sleeve 9, the terminal por 
tion absorbs the heat from the hot end of the furnace 
55 and distributes the heat evenly across the length of 
the ampule 7 and the boat . Therefore, through the use 
of the sleeve 9 it has been possible to materially reduce 
crystal dislocations to a point where they no longer have 
the tendency to produce polycrystalline growth. In fact, 
actual tests have shown that through the above described 
procedures, dislocations in the single crystal structure have 
been reduced from 10 dislocations per square centimeter 
to 10 dislocations per square centimeter. 
As it was pointed out above, it is desirable to maintain 

an arcuate interface which is concave into the liquid phase, 
that is to say the interface lies in an arcuate plane and 
extends into the liquid phase at the isothermal surface 
between the liquid and solid phases. It has been well 
established that this type of interface will materially re 
duce crystal dislocations and substantially reduce uneven 
Crystal growth. However, in the past, it was rather diffi 
cult, if not impossible, to control the shape of the inter 
face using the gradient freeze method of producing single 
Crystal structures. In the past, a great deal of heat was 
Tadiated from the side walls of the ampule and boat to 

: the furnace, especially in the colder end thereof. Since 
the boat and contents usually have a greater heat con 
ductivity than the media surrounding the boat in the 
colder end of the furnace, the boat and its contents were 
at a higher temperature than the media surrounding the 
boat in the colder end of the furnace. Moreover, the 
temperature differential between the cold end of the fur 
nace and the portion of the boat located in such end of 
the furnace was quite large. These conditions resulted 
in a great deal of heat radiation from the material con 
tained in the boat through the side walls of the boat to 
the colder end of the furnace and hence, it was quite 
difficult to maintain the arcuate interface. Moreover, 
since the melt did not have a uniformly linear tempera 
ture gradient across its length, some portions of the melt 
radiated greater amounts of heat than other portions 
thereof. The heat insulating shield 10 in the present in 
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vention, substantially reduced the amount of heat radia 
tion from the side walls of the ampule 7 and boat . 
Moreover, since the heat conducting sleeve 9 surrounds 
the ampule 7 and has a higher heat conductivity than 
the ampule 7, the boat 1 is located in a media which is 
hotter than itself. In effect, this maintains the side walls 
of the boat i in a state of thermal isolation and the boat 
1 is in effect then a thermally floating tube. The only 
heat received by the boat 1 is that heat which is con 
ducted by the heat conducting sleeve 9. Furthermore, 
the only heat loss is through the left transverse end of 
sleeve 9, reference being made to FIGURE 1, to the colder 
end of the furnace 5. 
The heat which is absorbed by the boat moves to 

wards the center of the melt and of the solidified portion 
thereof and is added to the heat of solidification which 
passes across the isothermal surface s and out through 
the left rtansverse end of the boat ; and heat conducting 
sleeve 9. The heat which is impressed across the walls 
of the boat in the area of the isothermal surface s is 
Small compared to the heat of solidification passing 
through the center of the isothermal surface S. Conse 
quently, this additional heat applied along the walls 3, 4 
of the crucible 1 at the isothermal surface is will tend to 
move aong the walls 3, 4 before moving toward the center 
of the solidified mass in combining with the heat of fusion. 
Similarly, the heat applied at the base 2 of the crucible 1 
will move along the base 2 at the isothermal surface be 
fore combining with the heat of solidification. This ad 
ditional heat which is impressed across the melt adjacent 
to the isothermal surface s will cause a very slight tem 
perature differential across the portion of the melt which 
faces the isothermal Surface is so that the isothermal sur 
face S will in effect form an arcuate face as shown in 
FIGURES 2 and 3. Thus, as the temperature of the 
furnace 15 has been lowered while maintaining the same 
temperature gradient between the two ends thereof, the 
crucible will have been progressively cooled from the left 
transverse end to the right transverse end thereby shift 
ing the isothermal surface is until the entire melt has 
completely solidified. 
While the operation of the present apparatus has been 

described in the production of a gallium arsenide crystal, 
it should be understood that the invention is not limited 
to this particular compound. Contemplated for use in 
the present invention is the production of large single 
crystal compounds formed from elements of Groups 
IIIB and VB of the Periodic System (Hubbard's Chart 
of the Atoms). The compounds included within this 
group which are contemplated for use in the present in 
vention include arsenides, phosphides and antimonides of 
aluminum, gallium and indium. It is also contemplated 
that compounds formed from the elements of Groups II 
and IV, and Groups and VII of the Periodic System 
could be used in connection with the present invention. 
These elements include the sulfides, selenides and tellu 
rides of zinc, cadmium and mercury and the chlorides, 
bromides and iodides of sodium, potassium, copper, ru 
bidium, silver, cesuim and gold. It should also be under 
stood that the apparatus of the present invention could 
be successfully employed for the production of single 
crystal elements such as Selenium, tellurium, rubidium, 
germanium, silicon, cesium, gold, silver, etc. However, 
the heat conducting sleeve employed must have a higher 
heat conductivity than the element being crystallized. 

It is possible to provide a modified form of Apparatus 
B for producing single crystal structures in accordance 
with the present invention, substantially as shown in 
FIGURES 5 and 6. The Apparatus B for producing 
single crystal structures is substantially similar to the 
Apparatus A and consists of an elongated boat shaped 
crucible 18 which is suitably placed in an open end 
transparent ampule 19, both of which are substantially 
identical to the previously described crucible 1 and am 
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6 
pule 7 respectively. The ampule 19 is similarly disposed 
within a heat conducting sleeve 20, which is, in turn, 
concentrically disposed within a heat insulating shield 21, 
the sleeve 20 also being provided with a heat insulating 
plug 22, which are substantially identical to the previ 
ously described sleeve 9, shield 10 and plug 14 respec 
tively. The Apparatus B is similarly placed within a 
furnace 23, which is also identical to the previously de 
scribed furnace 5. 
The ampule 19 is not sealed in the manner as previously 

described in the Apparatus A, but is connected to a simi 
lar ampule 24 also preferably formed of a transparent 
quartz material, through an elongated neck 25 and is 
therefore in communication with the ampule 24. The 
ampule 24 is placed within a suitable furnace 26, which 
is provided with a pair of upstanding supports 27 for sup 
porting the ampule 24 near each of its transverse ends. 
The furnace 26 is conventional in its construction and is 
therefore not described in detail herein. However, the 
furnace is provided with a heating element 28, which has 
uniformly Spaced convolutions and thereby maintains a 
linear temperature across the furnace. The furnace 26 
should be capable of producing a temperature of at least 
700° C. An annular heat insulating ring 29 is disposed 
around the elongated neck 25 and is located in endwise 
abutment with each of the endwise aligned furnaces 23 
and 26, in order to maintain the neck 25 at the same tem 
perature as the interior of the furnace 26. The ring 29 
is preferably formed of firebrick or similar refractory 
material. 
The Apparatus B is employed where it is desired to 

react elemental gallium contained within the crucible 18 
with arsenic gas contained within the ampule 24. In use, 
a suitable charge of liquid gallium is disposed within the 
crucible 8 and a suitable charge of solid arsenic is placed 
in the ampule 24. The crucible 8 is placed in the ampule 
9 and the ampule 19 is sealed in communication with 

the ampule 24 through the elongated neck 25. The am 
pules 19 and 24 are then evacuated to approximately 
106 mm. of mercury pressure through a tube (not shown) 
on the ampule 24, which is ultimately sealed and thereby 
maintains the vacuum in each of the ampules. The 
furnace 26 is then heated to a temperature above the 
melting point of gallium arsenide or 1245 C. and the 
furnace 26 is heated to a temperature of approximately 
610 to 620 C., thereby creating a gaseous arsenic at 
mosphere. The gaseous arsenic contained within the 
ampule 24 will pass through the elongated neck 25 and 
react with the liquid gallium contained within the crucible 
18 at these temperatures to form gallium arsenide. 
The crucible 8 and the melt contained therein is then 

cooled so that freezing begins at the left transverse end 
of the crucible 38 in the same manner as in the Apparatus 
A. Further cooling is carried out in the furnace 23 while 
maintaining the linear temperature differential through 
out so that an isothermal surface or liquid-solid interface 
s' which is similar to the previously formed liquid-solid 
interface s, passes progressively through the melt until 
the entire melt has solidified. In this manner, it is possible 
to form a single nucleus of gallium arsenide by reacting 
the arsenic gas with the liquid gallium in the crucible i8 
so that the nucleus can grow and fill the entire crucible 
yielding a single crystal of gallium arsenide, which is 
approximately the size and shape of the crucible itself. 
It should also be understood that it is possible to form 
single crystal compounds other than gallium arsenide 
by employing a gas other than arsenic and a solid ma 
terial other than gallium. 

Contemplated for use in this embodiment is the pro 
duction of large single crystal compounds formed from 
the elements of Groups 3B and 5B of the Periodic System. 
Also contemplated for use in this embodiment are com 
pounds formed from the elements of Groups 2 and 4 and 
Groups 1 and 7 of the Periodic System. 
FIGURE 5 is a temperature gradient freeze chart plot 
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ting the temperature in degrees centigrade vs. the furnace 
length and showing the temperature gradient across the 
length of the furnace and the temperature gradient across 
the length of the crucible containing a polycrystalline 
gallium arsenide ingot for the production of single crystal 
gallium arsenide structures. FIGURE 6 is a temperature 
gradient freeze chart plotting the temperature in degrees 
C. V.S. the furnace length for the same crucible used in 
FIGURE 5, when the heat conducting shield and heat 
conducting sleeve forming part of the present invention 
are thus employed. Comparing FIGURE 5 to FIGURE 
6, it can be seen, that the temperature gradient across 
the length of the crucible very nearly approaches the 
temperature gradient across the length of the furnace and 
has almost the same slope thereof. However, with ref 
erence to FIGURE 6, when the heat conducting sleeve 
and heat insulating shield are employed, it can be seen 
that there is a greater disparity between the temperature 
gradient of the furnace and that of the crucible. More 
over, it can be seen that the crucible is in effect surrounded 
by a continually hotter surface when the heat conducting 
sleeve is employed. It is also to be noted, that when the 
heat conducting sleeve and the heat insulating shield are 
employed, an almost perfectly smooth temperature differ 
ential which approaches almost perfect linearity exists 
across the length of the crucible . In other words, with 
the present invention, there is an almost completely sym 
metrical temperature environment in the crystalline sys 
tem and hence, the resulting crystal structure produced 
shows no polycrystallization of the melt. The data em 
ployed to produce the temperature gradient freeze charts 
of FIGURES 5 and 6 is more fully described in Examples 
1 and 2, hereinafter set forth. 
A more detailed description of the invention is set forth 

in the following examples which have reference to the 
foregoing specification and the accompanying drawings: 

Example I 
Approximately 450 grams of Surface cleaned gallium 

arsenide is placed in a quartz crucible having a length of 
approximately 5 inches and a diametral cross section of 
approximately 33 mm. The crucible and its contents are 
then placed in a quartz ampule having a length of approxi 
mately 8 inches and a diametral cross Section of 38 mm. 
The ampule is heated to 150 C., then subjected to a high 
vacuum and evacuated to a pressure of approximately 
5X106 mm. of mercury, and is then sealed. The anpule 
is then cleaned and placed in a silicon carbide tube having 
a length of 10 inches and a diametral cross Section of 2 
inches, and a wall thickness of 3/8 inch. The ampule is 
axially centered within the silicon carbide tube and lo 
cated in such a position that one transverse end of the 
crucible is located approximately 1 inch internally of the 
transverse end of the silicon carbide tube which is located 
in the cold end of the furnace. The carbide tube is then 
wrapped in calcium aluminate paper commercially known 
as “Fiberfrax, until a thickness of % inch is attained. 
The silicon carbide tube is then plugged with a Sufficient 
amount of the Fiberfrax paper at the hot end thereof in 
order to prevent direct heating of the ampule in the 
crucible contained within the silicon carbide tube. 
The aforementioned assembly is then placed in a tem 

perature gradient freeze furnace and disposed upon Sup 
ports within the furnace, which make a minimum phys 
ical contact with the insulated tube. The furnace is sized 
so that there is a A, inch clearance between the furnace 
wall and the insulated silicon carbide tube. Thermo 
couples are so placed in the silicon carbide tube that 
temperatures can be obtained for each inch of ingot 
length. The furnace is then heated until the coolest end 
of the ingot has reached a minimum temperature of 
1242 C., the melting point of the charge, and the furnace 
is maintained at this temperature for at least 1 hour in 
order to assure complete melting thereof. The tempera 
ture of the furnace is reduced over a period of 18 hours 
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3 
until the hottest portion of the charge in the crucible is 
below the melting point of gallium arsenide or 1238 C. 
The data thus obtained is used in the production of the 
temperature gradient freeze chart of FIGURE 6. 

Approximately 425 grams of a single crystal of gallium 
arsenide is thus obtained. Oriented slices of the single 
crystal structure on the 1-1-1 plane (Miller indices) are 
removed from the end of the crystal which first froze in 
the crucible. Similarly, oriented slices are removed on 
the same 1-1-1 plane (Miller indices) from the end of 
the crystal which was located in the hotter portion of the 
furnace. These oriented slices are then mechanically 
polished and treated with a polish etch consisting of 4 
parts of water, 3 parts of concentrated nitric acid, and 
1 part of 48% hydrochloric acid in order to remove the 
mechanically worked surfaces thereof. The polished 
slices are then treated with an etch consisting of 2 parts 
of water and 1 part of concentrated nitric acid to develop 
etch pits. The slices from the end of the crucible which 
Was located in the colder portion of the furnace are 
examined under a microscope and found to contain 1500 
etch pits per square centimeter. The slices from the 
'Crystal which was located in the hotter portion of the 
furnace are similarly examined and found to contain 6100 
etch pits per square centimeter. 

Example 2 
The above process used in Example 1 is repeated with 

approximately 450 grams of Surface clean gallium arsen 
ide in the same quartz boat. However, in this example, 
the silicon carbide tube and the calcium aluminate insu 
lating paper is not employed. The data thus obtained 
is used in the production of the temperature gradient 
freeze chart of FIGURE 5. 

Oriented slices thus removed from the end of the single 
Crystal located in the colder end of the furnace, in the 
Same manner as in the above example when examined 
are found to contain approximately 15,000 etch pits per 
Square centimeter. Oriented slices removed from the 
end of the crystal which was located in the hotter portion 
of the furnace, when examined are found to contain ap 
proximately 65,000 etch pits per square centimeter. 

Example 3 
Approximately 220 grams of silicon was charged into 

the Crucible used in Example 1, and the procedure of 
Example 1 is repeated. In this case, the silicon carbide 
tube and the calcium aluminate paper are disposed 
around the ampule containing the crucible. Oriented 
Slices removed from the portion of the crystal located in 
the hotter portion of the furnace reveal approximately 
10,000 etch pits per square centimeter. Oriented slices 
removed from the end of the crystal located in the hotter 
portion of the furnace reveal approximately 45,000 etch 
pits per Square centimeter. 

Example 4 
Approximately 220 grams of silicon is charged into 

the crucible used in Example 1, and the procedure of 
Example 2 is followed. Thus, in this case the silicon car 
bide tube and the calcium aluminate paper are not em 
ployed. Oriented slices removed from the end of the 
crystal located in the colder portion of the furnace reveal 
approximately 100,000 etch pits per Square centimeter 
Whereas oriented slices removed from the end of the 
Crystal located in the hotter portion of the furnace reveal 
approximately 500,000 etch pits per square centimeter. 

Example 5 
a Approximately 400 grams of germanium are charged 
into the crucible used in Example 1 and the procedure of 
Example 1 is followed. In this case, the silicon carbide 
tube and the calcium aluminate paper are disposed 
around the crucible containing the germanium. Oriented 
slices removed from the end of the crystal located in the 
colder portion of the furnace reveal approximately 170 
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etch pits per square centimeter and oriented slices re 
moved from the end of the crystal located in the hotter 
portion of the furnace reveal approximately 650 etch pits 
per square centimeter. 

Example 6 
Approximately 400 grams of germanium are charged 

into the crucible used in Example 1 and the procedure of 
Example 2 is followed. In this case, the silicon carbide 
tube and the calcium aluminate paper are not employed. 
Oriented slices removed from the end of the Crystal lo 
cated in the cooler portion of the furnace reveal approx 
imately 750 etch pits per square centimeter, and oriented 
slices removed from the end of the crystal located in the 
hotter portion of the furnace reveal approximately 3050 
etch pits per square centimeter. 

It should be understood that changes and modifications 
in the form, construction, arrangement and combination 
of parts presently described and pointed out can be made 
and substituted for those herein shown without departing 
from the nature and principal of my invention. 

Having thus described my invention what I desire to 
claim and secure by Letters Patent is: 

1. An apparatus for producing single crystal Substances 
by the temperature gradient freeze method which com 
prises in combination, a crystallizing container, a heat 
conducting element surrounding said container and being 
in heat exchange relation thereto, a heat insulating mem 
ber surrounding said heat conducting element to prevent 
heat radiation from the longitudinal Surface of said crys 
tallizing container, and heating means surrounding said 
heat conducting element to apply a uniform temperature 
gradient across said crystallizing container, said heat con 
ducting element having a terminal end which extends be 
yond one transverse end of the heat insulating member, 
the terminal end of said element having a length sufficient 
to draw heat from the heating means for transmitting the 
heat across the length of the heat conducting element. 

2. An apparatus for producing single crystal Substances 
by the temperature gradient freeze method which com 
prises in combination, a crystallizing container located in 
a temperature gradient atmosphere where one end thereof 
is at a higher temperature than the other end of said con 
tainer, an open ended heat conducting element surround 
ing said container and being in heat exchange relation 
thereto, a heat insulating member surrounding said heat 
conducting element to prevent heat radiation from the 
longitudinal surface of said crystallizing container, said 
heat insulating member being of sufficient length to Sur 
round the crystallizing container for its entire length, a 
heat insulating plug disposed within the open end of the 
heat conducting element which is proximate to the end 
of the crystallizing container at the higher temperature 
and is of sufficient thickness to prevent direct heating 
through the open end of the heat conducting element, 
and heating means surrounding said heat conducting ele 
ment to apply a uniform temperature gradient across said 
crystallizing container. 

3. An apparatus for producing single crystal substances 
which comprises in combination, a crystallizing container, 
a heat conducting element surrounding said container and 
being in heat exchange relation thereto, a heat insulating 
member surrounding said heat conducting element to pre 
vent heat radiation from the longitudinal surface of said 
crystallizing container, heating means surrounding said 
heat conducting element to apply a uniform temperature 
gradient across Said crystallizing container, and means in 
heat conductive association with said heat conducting 
element for drawing heat from the hot end of the heating 
means and transmitting the heat along the entire length 
of the heat conducting element, said last named means 
being located at the hotter end of said gradient and hav 
ing sufficient surface area to draw the required amount 
of heat for transmission along the length of the heat con 
ducting element. 
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4. An apparatus for producing single crystal Substances 

which comprises in combination, a crystallizing container, 
a heat conducting element surrounding said container and 
being in heat exchange relation thereto, a heat insulating 
member surrounding said heat conducting element to pre 
vent heat radiation from the longitudinal surface of said 
crystallizing container, and heating means Surrounding 
said heat conducting element to apply a uniform temper 
ature gradient across said crystallizing container, Said 
heat conducting element having a greater length than the 
heat insulating member and having a portion which ex 
tends beyond one end of the heat insulating member, said 
portion being located at the hotter end of said tempera 
ture gradient and having a length sufficient to draw heat 
from the heating means for transmitting the heat along 
the length of the heat conducting element. 

5. An apparatus for producing single crystal substances 
which comprises in combination, a crystallizing container, 
a heat conducting element surrounding said container and 
being in heat exchange relation thereto, a heat insulating 
member surrounding said heat conducting element to pre 
vent heat radiation from the longitudinal surface of said 
crystallizing container, and heating means surrounding 
said heat conducting element to apply a uniform tem 
perature gradient across said crystallizing container, said 
heat conducting element having a greater length than the 
heat insulating member and having a portion which ex 
tends beyond one end of the heat insulating member, said 
last named portion extending into the hotter end of the 
temperature gradient and having a length sufficient to 
draw heat from the heating means for transmitting the 
heat along the length of the heat conducting element, said 
heat insulating member having an annular flange which 
engages one transverse end of the heat conducting ele 
ment. 

6. A process for the production of single crystal sub 
stances by the temperature gradient freeze method which 
comprises melting a polycrystalline form of such sub 
stance in a container disposed within a crystallizing zone 
to produce a melt, adjusting the temperature within said 
crystallizing Zone, to provide a substantially linear tem 
perature gradient across the entire length of the poly 
crystalline form of such substance, cooling said crystal 
lizing Zone incrementally from one end at a slow uniform 
rate to initiate crystallization of said melt, thereby form 
ing a crystal in the cooled portion of the crystallizing zone, 
continually applying heat to the walls of the container 
along its entire length but at the substantially linear 
temperature gradient so that heat flows through the con 
tainer from the hotter end thereof to the colder end 
thereof, applying heat to the walls of said container at a 
Tate which is less than the rate of movement of heat 
through the center of the crystal to maintain an arcuate 
interface between the crystal and the melt, with a tem 
perature differential thereacross, said arcuate interface be 
ing concave with the liquid phase of the melt, continually 
cooling, said crystallizing Zone until the entire melt has 
Crystallized, and recovering a crystal from the container. 

7. An apparatus for producing single crystal substances 
which comprises in combination a crystallizing container, 
a first reacting element in said crystallizing container, a 
reactant container containing a second reacting element, 
and being in communication with the reacting element in 
Said Crystallizing container, a heat conducting element 
Surrounding said crystallizing container and being in heat 
exchange relation thereto, a heat insulating member sur 
rounding said heat conducting element to prevent radia 
tion from the longitudinal surface of said crystallizing 
container, Said heat conducting element having a portion 
which extends beyond one end of said heat insulating 
member, Said last named portion having a length which 
is Sufficient to gather heat and transmit heat along the 
length of the heat conducting element, first heating means 
Surrounding said heat conducting element to apply a uni 
form temperature gradient across said crystallizing con 
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tainer, and second heating means surrounding Said re 
actant container. 

8. An apparatus for producing single crystal Substances 
by the temperature gradient freeze method which com 
prises in combination, a crystallizing container located in 
a temperature gradient atmosphere where one end there 
of is at a higher temperature than the other end of Said 
container, an open ended heat conducting element Sur 
rounding said container and being in heat eXchange rela 
tion thereto, a heat insulating member surrounding Said 
heat conducting element to prevent heat radiation from 
the longitudinal surface of said crystallizing container, 
said heat insulating member being of sufficient length to 
surround the crystallizing container for its entire length, 
a heat insulating plug disposed within the open end of the 
heat conducting element which is proximate to the end 
of the crystallizing container at the higher temperature, 
said heat insulating member having an annular flange 
which engages the transverse end of the heat conducting 
element which is proximate to the end of the crystallizing 
container at the lower temperature, and heating means 
surrounding said heat conducting element to apply a uni 
form temperature gradient across said crystallizing con 
tainer. 

9. A process for the production of single crystal sub 
stances by the temperature gradient freeze method which 
comprises melting a polycrystalline form of such sub 
stance in a container disposed within said crystallizing 
zone to produce a melt, gathering heat from the hotter 
end of the temperature gradient and conducting the heat 
along a heat conductive element surrounding the crystal 
lizing Zone, transmitting the heat by radiation to the con 
tainer within the crystallizing zone, preventing re-radia 
tion of the heat from the container and radiation of heat 
from the conductive element by an insulating element to 
provide a substantially linear temperature gradient across 
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the entire length of the polycrystalline form of Such sub 
stance, cooling said crystallizing Zone incrementally from 
one end at a slow uniform rate to initiate crystallization 
of said melt, thereby forming a crystal in the cooled por 
tion of the crystallizing zone, continually applying heat 
to the walls of the container along its entire length but at 
the substantially linear temperature gradient so that heat 
flows through the container from the hotter end thereof 
to the colder end thereof, applying heat to the walls of 
said container at a rate which is less than the rate of 
movement of heat through the center of the crystal to 
maintain an arcuate interface between the crystal and the 
melt with a temperature differential thereacross, said arcu 
ate interface being concave with the liquid phase of the 
melt, continually cooling said crystallizing zone until the 
entire melt has crystallized, and recovering a crystal from 
the container. 
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