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Attach an inner element comprising a conus descending
radially outwardly and having a cylindrical base to an outer /502
element ascending radially outwardly from a horizontal base
portion, by attaching the cylindrical base portion to the
harizontal base portion using silicon nitride.
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Feed solid silicon chunks, selectively doped, 504
into hollow mold formed between the inner
element and the outer element.

x 506
Melt solid silicon chunks.

x 508
Cool molten silicon to form
ingot
- 510

Push down inner element to
release ingot
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CRUCIBLE FOR CASTING NEAR-NET
SHAPE (NNS) SILICON

FIELD

[0001] The present disclosure relates generally to casting
ingots and more particularly to crucibles for casting near-net
shape (NNS) silicon ingots.

BACKGROUND

[0002] The background description provided here is for
the purpose of generally presenting the context of the
disclosure. Work of the presently named inventors, to the
extent it is described in this background section, as well as
aspects of the description that may not otherwise qualify as
prior art at the time of filing, are neither expressly nor
impliedly admitted as prior art against the present disclo-
sure.

[0003] Critical chambers parts of capital equipment for
processing semiconductor wafers and manufacturing semi-
conductor devices are fabricated using multi-crystalline sili-
con material. Most chamber parts have the shape of rings
and circular plates. Square quartz crucibles are used to cast
multi-crystalline silicon (Mc-Si). Producing final chamber
parts from squared Mc-Si ingots requires several additional
processing steps. These standard methods used to make
chamber parts are costly due to the multiple process steps,
the time involved in processing, and the material wasted
during shaping.

SUMMARY

[0004] A crucible for forming an ingot comprises a hollow
mold with an inner conical wall and an outer conical wall.
The hollow mold is configured to receive a solid material
comprising silicon, silicon carbide, or a non-oxide ceramic
that is melted and cooled to form the ingot. The inner conical
wall of the hollow mold descends radially outwardly at an
acute angle to a vertical axis from a top end of the hollow
mold to a bottom end of the hollow mold. The outer conical
wall of the hollow mold ascends radially outwardly at the
acute angle to the vertical axis from the bottom end of the
hollow mold to the top end of the hollow mold. The acute
angle prevents the ingot from cracking.

[0005] In other features, the acute angle is greater than
zero and less than or equal to 15 degrees.

[0006] In other features, the inner conical wall and the
outer conical wall are made of quartz; and an inner portion
of the outer conical wall and an outer portion of the inner
conical wall are coated with silicon nitride.

[0007] In other features, the ingot is 600 mm long.
[0008] In other features, the solid material further com-
prises a dopant.

[0009] In other features, the crucible further comprises at

least one heater arranged around the outer conical wall to
heat pieces of the solid material loaded in the hollow mold
between the inner conical wall and the outer conical wall of
the hollow mold. The crucible further comprises a cooling
apparatus arranged near the bottom end of the hollow mold
to cool a melted liquid formed in the hollow mold between
the inner conical wall and the outer conical wall of the
hollow mold by heating the pieces of the solid material. The
crucible further comprises at least one temperature sensor
associated with the hollow mold to sense a temperature of
contents of the hollow mold. The crucible further comprises
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a controller to control the at least one heater and the cooling
apparatus based on the sensed temperature to form the ingot
from the melted liquid in the hollow mold.

[0010] In still other features, a crucible comprises an outer
element and an inner element. The outer element includes a
first portion that is horizontal at a bottom end of the crucible
and a second portion that ascends radially outwardly from
the bottom end of the crucible to a top end of the crucible at
a first acute angle to a vertical axis. The inner element
includes a conus with a cylinder at a base of the conus. The
conus descends radially outwardly from the top end of the
crucible to the bottom end of the crucible at a second acute
angle to the vertical axis. The inner element includes a base
portion of the cylinder attached to the first portion of the
outer element using a sealant to form a hollow mold between
an inner portion of the outer element and an outer portion of
the inner element.

[0011] In other features, the hollow mold is configured to
receive a solid material comprising silicon, silicon carbide,
or a non-oxide ceramic that is melted and cooled to form an
ingot.

[0012] In other features, the sealant comprises a mixture of
silicon nitride and a liquid that is baked to form a seal
between the outer element and the inner element.

[0013] In other features, the inner element is configured to
separate from the outer element when a force is applied to
the inner element in a downward direction from the top end
of the crucible after an ingot is formed in the hollow mold
to release the ingot without cracking the ingot.

[0014] In other features, the crucible further comprises a
rod attached to a top end of the inner element to push the
inner element downward from the top end of the crucible to
disengage the inner element from the outer element after an
ingot is formed in the hollow mold by melting a solid
material in the hollow mold and by cooling the melted
material in the hollow mold.

[0015] In other features, the rod is made of graphite or
molybdenum.
[0016] In other features, the inner element and the outer

element are made of quartz; and the inner portion of the
outer element and the outer portion of the inner element are
coated with silicon nitride.

[0017] In other features, the ingot is 600 mm long.
[0018] In other features, the solid material includes a
dopant.

[0019] In other features, the crucible further comprises at

least one heater arranged around the outer element to heat
pieces of a solid material loaded in the hollow mold. The
solid material includes silicon, silicon carbide, or a non-
oxide ceramic. The crucible further comprises a cooling
apparatus arranged near the bottom end of the hollow mold
to cool a melted liquid formed in the hollow mold by heating
the pieces of the solid material. The crucible further com-
prises at least one temperature sensor associated with the
hollow mold to sense a temperature of contents of the hollow
mold. The crucible further comprises a controller to control
the at least one heater and the cooling apparatus based on the
sensed temperature to form an ingot from the melted liquid
in the hollow mold.

[0020] In still other features, a method for forming an
ingot comprises forming a hollow mold having an inner
conical wall and an outer conical wall. The inner conical
wall descends radially outwardly at an acute angle to a
vertical axis from a top end of the hollow mold to a bottom
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end of the hollow mold. The outer conical wall ascends
radially outwardly at the acute angle to the vertical axis from
the bottom end of the hollow mold to the top end of the
hollow mold. The method further comprises receiving, in the
hollow mold, a solid material comprising silicon, silicon
carbide, or a non-oxide ceramic. The method further com-
prises melting the solid material in the hollow mold. The
method further comprises cooling the melted material in the
hollow mold to form the ingot. The acute angle prevents the
ingot from cracking.

[0021] In other features, the acute angle is greater than
zero and less than or equal to 15 degrees.

[0022] In other features, the method further comprises
forming the inner conical wall and the outer conical wall
from quartz; and coating an inner portion of the outer conical
wall and an outer portion of the inner conical wall with
silicon nitride.

[0023] In other features, the method further comprises
forming the ingot that is 600 mm long.

[0024] In other features, the method further comprises
adding a dopant to the solid material.

[0025] In other features, the method further comprises
heating around the outer conical wall to melt pieces of the
solid material loaded in the hollow mold between the inner
conical wall and the outer conical wall of the hollow mold.
The method further comprises cooling, from the bottom end
of the hollow mold, a melted liquid formed in the hollow
mold between the inner conical wall and the outer conical
wall of the hollow mold by heating the pieces of the solid
material. The method further comprises sensing a tempera-
ture of contents of the hollow mold. The method further
comprises controlling the heating and the cooling based on
the sensed temperature to form the ingot from the melted
liquid in the hollow mold.

[0026] In still other features, a method of forming a
crucible to form an ingot comprises forming an outer
element with a first portion that is horizontal at a bottom end
of the crucible and a second portion that ascends radially
outwardly from the bottom end of the crucible to a top end
of the crucible at a first acute angle to a vertical axis. The
method further comprises forming an inner element includ-
ing a conus with a cylinder at a base of the conus. The conus
descending radially outwardly from the top end of the
crucible to the bottom end of the crucible at a second acute
angle to the vertical axis. The method further comprises
forming the inner element including a base portion of the
cylinder attached to the first portion of the outer element
using a sealant to form a hollow mold between an inner
portion of the outer element and an outer portion of the inner
element.

[0027] In other features, the method further comprises
receiving, in the hollow mold, a solid material comprising
silicon, silicon carbide, or a non-oxide ceramic. The method
further comprises melting the solid material in the hollow
mold. The method further comprises cooling the melted
material in the hollow mold to form an ingot.

[0028] In other features, the method further comprises
forming the sealant by forming a mixture of silicon nitride
and a liquid; and baking the mixture to form a seal between
the outer element and the inner element.

[0029] In other features, the method further comprises
applying a force to the inner element in a downward
direction from the top end of the crucible after an ingot is
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formed in the hollow mold to separate the inner element
from the outer element to release the ingot without cracking
the ingot.

[0030] In other features, the method further comprises
attaching a rod to a top end of the inner element to push the
inner element downward from the top end of the crucible to
disengage the inner element from the outer element after an
ingot is formed in the hollow mold by melting a solid
material in the hollow mold and by cooling the melted
material in the hollow mold.

[0031] In other features, the method further comprises
forming the rod from graphite or molybdenum.

[0032] In other features, the method further comprises
forming the inner element and the outer element from
quartz; and coating the inner portion of the outer element
and the outer portion of the inner element with silicon
nitride.

[0033] In other features, the method further comprises
forming the ingot that is 600 mm long.

[0034] In other features, the method further comprises
adding a dopant to the solid material.

[0035] In other features, the method further comprises
heating around the outer element to melt pieces of a solid
material loaded in the hollow mold where the solid material
includes silicon, silicon carbide, or a non-oxide ceramic. The
method further comprises cooling, from the bottom end of
the hollow mold, a melted liquid formed in the hollow mold.
The method further comprises sensing a temperature of
contents of the hollow mold. The method further comprises
controlling the heating and the cooling based on the sensed
temperature to form the ingot from the melted liquid in the
hollow mold.

[0036] Further areas of applicability of the present disclo-
sure will become apparent from the detailed description, the
claims and the drawings. The detailed description and spe-
cific examples are intended for purposes of illustration only
and are not intended to limit the scope of the disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

[0037] The present disclosure will become more fully
understood from the detailed description and the accompa-
nying drawings, wherein:

[0038] FIGS. 1A and 1B respectively show a plan view
and a cross-section of a first crucible;

[0039] FIGS. 2A and 2B show a cross-section of a second
crucible with a hollow mold having an inner conical wall
and an outer conical wall;

[0040] FIG. 3A shows a cross-section of an outer element
of a third crucible;

[0041] FIG. 3B shows a cross-section of an inner element
of the third crucible;

[0042] FIG. 3C shows a cross-section of the third crucible
with a hollow mold formed by joining the outer and inner
elements;

[0043] FIGS. 4A and 4B show a cross-sectional view of
the third crucible showing formation of a silicon ingot;
[0044] FIG. 4C shows a cross-sectional view of the third
crucible showing removal of the inner element of the third
crucible and release of the silicon ingot from the third
crucible;

[0045] FIG. 5 shows a method of constructing the third
crucible and forming the silicon ingot using the third cru-
cible;
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[0046] FIG. 6 shows a simplified block diagram of a
furnace used to produce a silicon ingot by heating solid
silicon and cooling molten silicon using the first, second, or
third crucible; and

[0047] FIG. 7 shows a flow chart of a method of operating
the furnace of FIG. 6.

[0048] In the drawings, reference numbers may be reused
to identify similar and/or identical elements.

DETAILED DESCRIPTION

[0049] Briefly, the present disclosure relates to crucibles
that can be used in a grower or in a casting furnace to
produce a solid silicon piece (ingot) that is closer to a desired
shape of a final finished part for an equipment chamber for
processing semiconductor wafers. Specifically, the present
disclosure relates to a hollow crucible for growing an ingot
of silicon, silicon carbide, or other non-oxide ceramics.
[0050] In one embodiment, the crucible is a hollow mold
with an inner wall and an outer wall. The inner and the outer
wall are not parallel to each other. The inner and the outer
wall have a greater distance to each other at the top end than
at the bottom end. When molten silicon crystallizes in the
crucible, the ingot is pushed upwardly and can then be
removed.

[0051] In another embodiment, the crucible comprises an
inner element and an outer element. The inner element
includes a conus with a cylinder at a lower end of the conus
that fits into a bottom opening of the outer element. To
demold the ingot, the inner element can be pushed and
released downwardly. Once the inner element is removed,
the ingot can be pushed upwardly and can then be removed.
These and other aspects of the present disclosure are
described below in detail.

[0052] The present disclosure is organized as follows. A
first crucible for producing a hollow cylindrical ingot is
described with reference to FIGS. 1A-1B. A second crucible
for producing a hollow cylindrical ingot is described with
reference to FIGS. 2A-2B. A third crucible with separate
outer and inner elements for producing a hollow cylindrical
ingot is described with reference to FIGS. 3A-3C. The
production of the hollow cylindrical ingot using the third
crucible is described with reference to FIGS. 4A-4B. The
removal of the hollow cylindrical ingot from the third
crucible by pushing the inner element out of the third
crucible is described with reference to FIG. 4C. A method
for constructing the third crucible and producing an ingot
using the third crucible is described using FIG. 5. A furnace
with heaters, sensors, and a controller for producing an ingot
using the first, second, or third crucible is described with
reference to FIG. 6. A method of operating the furnace is
described with reference to FIG. 7.

[0053] FIGS. 1A and 1B respectively show a plan view
and a cross-section of a cylindrical crucible 100. A hollow
cylindrical mold is formed between an inner wall 102 and an
outer wall 104 of the cylindrical crucible 100. The inner and
outer walls 102, 104 are joined at the bottom of the cylin-
drical crucible 100. Chunks of solid silicon (with or without
a dopant) are loaded in the hollow mold. The cylindrical
crucible 100 is placed in a furnace (see FIG. 6). The solid
silicon is melted and cooled in the furnace to form a hollow
cylindrical ingot.

[0054] When silicon transitions from melted phase to solid
state, its volume increases. Accordingly, the solidifying
silicon material exerts tensile forces on the outer walls 104.
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As a result, during solidification, outer walls 104 may crack.
The following crucible designs prevent crucibles from
cracking during solidification.

[0055] The melted silicon is cooled from the bottom of the
cylindrical crucible 100, which causes solidification of the
melted silicon from the bottom of the cylindrical crucible
100 in an upwardly direction. The cylindrical crucible 100 is
generally made of quartz. The coefficient of thermal expan-
sion (CTE) of quartz is one order of magnitude less than the
CTE of silicon. During solidification, silicon can attach to
quartz. To prevent silicon from attaching to quartz, an inner
portion of the outer wall 104 and an outer portion of the
inner wall 102 are coated with silicon nitride.

[0056] After solidification, the cooling silicon material
contracts in the cylindrical crucible 100. The contraction of
the cooling silicon is much greater compared to quartz.
Therefore, silicon exerts compressive forces on the inner
sides of the inner walls 102, and significant tensile stress
develops in silicon. As a result, during cooling, silicon can
crack starting from the inner sides of the inner walls 102.
The following crucible designs prevent silicon from crack-
ing during cooling.

[0057] FIGS. 2A and 2B show a cross-section of a crucible
200 with a hollow mold having an inner conical wall 202
and an outer conical wall 204. The inner and outer conical
walls 202, 204 are not parallel to each other. The inner and
outer conical walls 202, 204 are separated by a greater
distance at a top end of the hollow mold than at a bottom end
of the hollow mold. The inner conical wall 202 descends
radially outwardly at an acute angle o to a vertical axis from
the top end of the hollow mold to the bottom end of the
hollow mold. The outer conical wall 204 ascends radially
outwardly at the acute angle a to the vertical axis from the
bottom end of the hollow mold to the top end of the hollow
mold.

[0058] The inclined inner and outer conical walls 202, 204
are joined at the bottom of the cylindrical crucible 200.
Chunks of solid silicon (with or without a dopant) are loaded
in the hollow mold. The crucible 200 is placed in a furnace
(see FIG. 6). The solid silicon is melted and cooled in the
furnace to form a hollow ingot having the shape of the
crucible 200.

[0059] The melted silicon is cooled from the bottom of the
crucible 200, which causes solidification of the melted
silicon from the bottom of the crucible 200 in an upwardly
direction. The crucible 200 is generally made of quartz.
During solidification, silicon can attach to quartz. To prevent
silicon from attaching to quartz, an inner portion of the outer
conical wall 204 and an outer portion of the inner conical
wall 202 are coated with silicon nitride.

[0060] During solidification, the cooling silicon expands
upwards in the crucible 200. The expansion of the cooling
silicon exerts forces on the inner sides of the inner and outer
conical walls 202, 204 in the directions shown by side
arrows in FIG. 2B. The inclined inner and outer conical
walls 202, 204 accommodate the forces exerted by the
expanding silicon on the inner sides of the inclined and outer
conical walls 202, 204 in the directions shown by side
arrows in FIG. 2B, which prevents silicon from cracking.
[0061] The inclined inner and outer conical walls 202, 204
of the crucible 200 also facilitate easy release of the ingot
after growth and/or casting in the direction shown by an up
arrow in FIG. 2B. Unexpectedly, due to the inclined walls,
the crucible 200 can produce ingots as long as 600 mm
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without defects, which is not possible using the cylindrical
crucible 100 due to cracking problems. The cylindrical
crucible 100 can produce ingots much shorter in length than
600 mm (only up to about 350 mm). It should be noted that
600 mm is only a non-limiting example.

[0062] The acute angle o at which the inner and outer
conical walls 202, 204 of the crucible 200 are inclined may
be between 0 and 15 degrees, for example, to prevent silicon
from cracking and to produce ingots nearly 600 mm long
without defects. However, other values of the acute angle o
greater than zero and less than 90 degrees are contemplated.

[0063] FIGS. 3A-3C show a cross-section of a crucible
300 with a hollow mold. The crucible comprises an outer
element 302 shown in FIG. 3A and an inner element 304
shown in FIG. 3B. In FIG. 3C, the inner element 304 is
joined to the outer element 302 to form the crucible 300.

[0064] InFIG. 3A, the outer element 302 comprises a first
portion 310 and a second portion 312. The first portion 310
is horizontal at a bottom end of the crucible 300. The second
portion 312 ascends radially outwardly from the bottom end
of the crucible 300 to a top end of the crucible 300 at a first
acute angle al to a vertical axis.

[0065] In FIG. 3B, the inner element 304 comprises a
conus 320 with a cylinder 322 at a base of the conus 320.
The conus 320 descends radially outwardly from the top end
of the crucible 300 to the bottom end of the crucible 300 at
a second acute angle o2 to the vertical axis. The cylinder 322
has a base portion 324. The inner element 304 comprising
the conus 320, the cylinder 322, and the base portion 324 is
not hollow. The base portion 324 has a large through-hole
325 at the center to manufacture the inner element 304.

[0066] In FIG. 3C, the crucible 300 is formed by joining
the inner element 304 to the outer element 302 as follows.
The base portion 324 of the cylinder 322 of the inner
element 304 is attached to the first portion 310 of the outer
element 302 using a sealant to form a hollow mold between
an inner portion of the outer element 302 and an outer
portion of the inner element 304 of the crucible 300.

[0067] The sealant comprises silicon nitride. Specifically,
silicon nitride powder is mixed with a fluid (e.g., filtered
water). The mixture is applied on areas where the base
portion 324 of the cylinder 322 is joined to the first portion
310 of the outer element 302. The joint between the outer
and inner elements 302, 304 (i.e., between the base portion
324 and the first portion 310) is baked to form a seal 326.
The seal 326 prevents molten silicon from leaking through
the joint.

[0068] FIGS. 4A-4C show the formation a silicon ingot in
the crucible 300 and the removal of the silicon ingot from
the crucible 300. In FIG. 4A, chunks of solid silicon 400
(with or without a dopant) are loaded in the crucible 300.
The crucible 300 is placed in a furnace (see FIG. 6). The
solid silicon is melted and cooled in the furnace to form an
ingot having the shape of the crucible 300.

[0069] In FIG. 4B, melted silicon 402 is cooled from the
bottom of the crucible 300, which causes solidification of the
melted silicon 402 from the bottom of the crucible 300 in an
upwardly direction. The outer and inner elements 302, 304
of the crucible 300 are generally made of quartz. During
solidification, silicon can attach to quartz. To prevent silicon
from attaching to quartz, an inner portion of the outer
element 302 and an outer portion of the inner element 304
are coated with silicon nitride.
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[0070] In FIG. 4C, during solidification, the cooling sili-
con expands upwards in the crucible 300 to form an ingot
406. The expansion of the cooling silicon exerts forces on
the inner sides of the outer and inner elements 302, 304 in
the directions shown by side arrows. The inner element 304,
particularly the conus 320, accommodates the forces exerted
by the expanding silicon, which prevents silicon from crack-
ing.

[0071] The inner element 304 also facilitates easy release
of'the ingot 406 after growth and/or casting. Specifically, the
inner element 304 comprises a rod 410 attached to a top
portion of the inner element 304 (at the top of the conus
320). The rod 410 is made of a material that can withstand
the high temperatures of the molten silicon (e.g., about 1414
degrees Celsius). Additionally, the material does not con-
taminate the molten silicon. For example, the rod 410 is
made of graphite or molybdenum.

[0072] When the ingot 406 is formed (i.e., after cooling),
the rod 410 is pushed downwards. Pushing the rod 410
downwards exerts a force on the cylinder 322 at the base of
the conus 320 of the inner element 304. Exerting the force
on the cylinder 322 disengages the seal 326 between the
outer and inner elements 302, 304 (i.e., between the base
portion 324 of the cylinder 322 and the first portion 310 of
the outer element 302). Disengaging the seal 326 releases
the inner element 304 in the downwardly direction. Releas-
ing the inner element 304 frees up the ingot 406 from the
crucible 300. The ingot 406 is then pushed upwardly and
removed from the crucible 300.

[0073] A base portion 412 of the rod 410 that attaches to
the inner element 304 is disc shaped. The disc shaped base
portion 412 of the rod 410 distributes the force applied to the
rod 410 uniformly on the inner element 304 when the rod
410 is pushed downwards. Unexpectedly, due to the design
and implementation of the inner element 304, the crucible
300 can produce ingots nearly 600 mm long without defects,
which is not possible using the cylindrical crucible 100 due
to cracking problems. The cylindrical crucible 100 can
produce ingots only up to about 350 mm, which is much
shorter in length than 600 mm.

[0074] Constructing the crucible 300 by joining the inner
element 304 to the outer element 302 provides the following
advantage. Although the inner walls of the outer and inner
elements 302, 304 are coated with silicon nitride to prevent
the silicon ingot from attaching to the inner walls, the silicon
nitride coating may not be uniform throughout the inner
walls. Accordingly, portions of the silicon nitride coating
can crack at the high temperatures of the molten silicon, and
silicon can attach to the quartz inner walls at locations where
the silicon nitride coating cracks. The design and joining of
the outer and inner elements 302, 304 using the sealant and
the ability of the inner element 304 to disengage from the
outer element 302 to release the ingot 406 prevent the ingot
406 from attaching to the inner walls of the outer and inner
elements 302, 304 and render the ingot 406 defect-free.
[0075] When the ingot 406 is formed, any unwanted
impurities present in the solid silicon 400 (other than any
dopant intentionally added to the solid silicon 400) may
accumulate near the top of the ingot 406. Accordingly, a
small portion (e.g., about 5-10 mm) of the top of the ingot
406 containing the impurities is removed. The remainder of
the ingot 406 is a defect-free component with a desired
(near-net) shape that is ready to be cut into a plurality of
rings for use in a processing chamber without further
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processing (e.g., grinding, polishing, reshaping, and so on).
It should be noted that 5-10 mm is only a non-limiting
example.

[0076] FIG. 5 shows a method 500 for constructing a
crucible (e.g., the crucible 300) and producing an ingot (e.g.,
the ingot 406) according to the present disclosure. At 502, an
inner element (e.g., the inner element 304) comprising a
conus (e.g., the conus 320) descending radially outwardly
and having a cylindrical base (e.g., the cylinder 322 with the
base portion 324) is attached to an outer element (e.g., the
outer element 302) ascending radially outwardly from a
horizontal base portion (e.g., the first portion 310 of the
outer element 302) to form a crucible (e.g., the crucible 300).
The inner element is attached to the outer element by joining
the cylindrical base of the inner element to the horizontal
base portion of the outer element using a sealant (e.g.,
silicon nitride mixed with filtered water) that forms a seal
(e.g., the seal 326) between the inner and outer elements of
the crucible.

[0077] At 504, chunks of solid silicon, selectively doped,
are loaded into a hollow mold formed between the inner and
outer elements. At 506, the solid silicon is melted to form
molten silicon. At 508, the molten silicon is cooled from the
bottom of the crucible to form a silicon ingot (e.g., the ingot
406). At 510, the inner element is pushed downwardly using
a rod attached to the top of the inner element. By pushing the
rod downwardly, the inner element is disengaged from the
outer element to release the silicon ingot from the crucible.
[0078] FIG. 6 shows simplified schematic of a furnace
600. The furnace 600 comprises a controller 602, a plurality
of heaters (e.g., a side heater H1 604 and a top heater H2
606), and a cooling assembly C 608 at the bottom of the
furnace 600. A crucible (e.g., the crucible 100, 200, or 300)
can be placed in the furnace 600.

[0079] The controller 602 controls the power supplied to
the heaters 604, 606 to melt silicon in the crucible. The
controller 602 controls the power supplied to the cooling
assembly 608 to cool the molten silicon in the crucible.
[0080] The sensors 610 may be located in and around the
crucible to sense the temperature of the silicon in the
crucible as the silicon melts and as the molten silicon cools.
The sensors 610 may be located elsewhere in the furnace
(e.g., coupled and/or proximate to the heaters 604, 606 and
the cooling assembly 608) to sense the power supplied to
these elements and temperatures of these elements.

[0081] The controller 602 may communicate with the
sensors 610 and receive data from the sensors 610. The
controller 602 may control the power supplied to the heaters
604, 606 and to the cooling assembly 608 based on the data
received from the sensors 610 to properly melt the silicon
and to properly cool the molten silicon in the crucible, and
to form a silicon ingot (e.g., the ingot 406).

[0082] FIG. 7 shows a method 700 for operating the
furnace 600. The method 700 is executed by the controller
602. At 702, solid chunks of silicon, selectively doped, are
loaded in a crucible (e.g., the crucible 100, 200, or 300). At
704, the solid chunks of silicon are melted by supplying
power to a plurality of heaters (e.g., a side heater H1 604 and
atop heater H2 606). At 706, the controller 602 receives data
regarding the temperature of the silicon in the crucible from
sensors (e.g., the sensors 610) located in and around the
crucible. The controller 602 may also receive data about the
power supplied to the heaters and the cooling assembly (e.g.,
the cooling assembly C 608) and about the temperatures of
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these elements. At 708, the controller 602 controls the power
supplied to the heaters 604, 606 and the cooling assembly
608 based on the data received from the sensors 610 to
properly melt the silicon, cool the molten silicon, and form
the silicon ingot (e.g., the ingot 406).

[0083] The foregoing description is merely illustrative in
nature and is not intended to limit the disclosure, its appli-
cation, or uses. The broad teachings of the disclosure can be
implemented in a variety of forms. Therefore, while this
disclosure includes particular examples, the true scope of the
disclosure should not be so limited since other modifications
will become apparent upon a study of the drawings, the
specification, and the following claims. It should be under-
stood that one or more steps within a method may be
executed in different order (or concurrently) without altering
the principles of the present disclosure. Further, although
each of the embodiments is described above as having
certain features, any one or more of those features described
with respect to any embodiment of the disclosure can be
implemented in and/or combined with features of any of the
other embodiments, even if that combination is not explic-
itly described. In other words, the described embodiments
are not mutually exclusive, and permutations of one or more
embodiments with one another remain within the scope of
this disclosure.

[0084] Spatial and functional relationships between ele-
ments (for example, between modules, circuit elements,
semiconductor layers, etc.) are described using various
terms, including “connected,” “engaged,” “coupled,” “adja-
cent,” “next to,” “on top of,” “above,” “below,” and “dis-
posed.” Unless explicitly described as being “direct,” when
a relationship between first and second elements is described
in the above disclosure, that relationship can be a direct
relationship where no other intervening elements are present
between the first and second elements, but can also be an
indirect relationship where one or more intervening ele-
ments are present (either spatially or functionally) between
the first and second elements. As used herein, the phrase at
least one of A, B, and C should be construed to mean a
logical (A OR B OR C), using a non-exclusive logical OR,
and should not be construed to mean “at least one of A, at
least one of B, and at least one of C.”

[0085] In some implementations, a controller is part of a
system, which may be part of the above-described examples.
The controller may control various components or subparts
of the system or systems. The controller, depending on the
processing requirements and/or the type of system, may be
programmed to control any of the processes disclosed
herein.

[0086] Broadly speaking, the controller may be defined as
electronics having various integrated circuits, logic,
memory, and/or software that receive instructions, issue
instructions, control operation, enable endpoint measure-
ments, and the like. The integrated circuits may include
chips in the form of firmware that store program instruc-
tions, digital signal processors (DSPs), chips defined as
application specific integrated circuits (ASICs), and/or one
or more microprocessors, or microcontrollers that execute
program instructions (e.g., software). Program instructions
may be instructions communicated to the controller in the
form of various individual settings (or program files), defin-
ing operational parameters for carrying out a particular
process. The operational parameters may, in some embodi-
ments, be part of a recipe defined by process engineers to
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accomplish one or more processing steps during the fabri-
cation of one or more ingots described herein.

[0087] The controller, in some implementations, may be a
part of or coupled to a computer that is integrated with the
system, coupled to the system, otherwise networked to the
system, or a combination thereof. For example, the control-
ler may be in the “cloud” or all or a part of a fab host
computer system, which can allow for remote access of the
processing. The computer may enable remote access to the
system to monitor current progress of fabrication operations,
examine a history of past fabrication operations, examine
trends or performance metrics from a plurality of fabrication
operations, to change parameters of current processing, to
set processing steps to follow a current processing, or to start
a new process.

[0088] In some examples, a remote computer (e.g. a
server) can provide process recipes to a system over a
network, which may include a local network or the Internet.
The remote computer may include a user interface that
enables entry or programming of parameters and/or settings,
which are then communicated to the system from the remote
computer. In some examples, the controller receives instruc-
tions in the form of data, which specity parameters for each
of the processing steps to be performed during one or more
operations. It should be understood that the parameters may
be specific to the type of process to be performed and the
type of tool that the controller is configured to interface with
or control. Accordingly, as described above, the controller
may be distributed, such as by comprising one or more
discrete controllers that are networked together and working
towards a common purpose, such as the processes and
controls described herein.

[0089] As noted above, depending on the process step or
steps to be performed by the tool, the controller might
communicate with one or more of other tool circuits or
modules, other tool components, cluster tools, other tool
interfaces, adjacent tools, neighboring tools, tools located
throughout a factory, a main computer, another controller in
a semiconductor manufacturing factory.

1. A crucible for forming an ingot, the crucible compris-

ing:

a hollow mold with an inner conical wall and an outer
conical wall, the hollow mold configured to receive a
solid material comprising silicon, silicon carbide, or a
non-oxide ceramic that is melted and cooled to form the
ingot;

wherein the inner conical wall of the hollow mold
descends radially outwardly at an acute angle to a
vertical axis from a top end of the hollow mold to a
bottom end of the hollow mold;

wherein the outer conical wall of the hollow mold ascends
radially outwardly at the acute angle to the vertical axis
from the bottom end of the hollow mold to the top end
of the hollow mold; and

wherein the acute angle prevents the ingot from cracking.

2. The crucible of claim 1 wherein the acute angle is

greater than zero and less than or equal to 15 degrees.

3. The crucible of claim 1 wherein:

the inner conical wall and the outer conical wall are made
of quartz; and

an inner portion of the outer conical wall and an outer
portion of the inner conical wall are coated with silicon
nitride.
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4. The crucible of claim 1 wherein the ingot is 600 mm

long.

5. The crucible of claim 1 wherein the solid material

further comprises a dopant.

6. The crucible of claim 1 further comprising:

at least one heater arranged around the outer conical wall
to heat pieces of the solid material loaded in the hollow
mold between the inner conical wall and the outer
conical wall of the hollow mold;

a cooling apparatus arranged near the bottom end of the
hollow mold to cool a melted liquid formed in the
hollow mold between the inner conical wall and the
outer conical wall of the hollow mold by heating the
pieces of the solid material;

at least one temperature sensor associated with the hollow
mold to sense a temperature of contents of the hollow
mold; and

a controller to control the at least one heater and the
cooling apparatus based on the sensed temperature to
form the ingot from the melted liquid in the hollow
mold.

7. A crucible comprising:

an outer element with a first portion that is horizontal at
a bottom end of the crucible and a second portion that
ascends radially outwardly from the bottom end of the
crucible to a top end of the crucible at a first acute angle
to a vertical axis; and

an inner element including a conus with a cylinder at a
base of the conus, the conus descending radially out-
wardly from the top end of the crucible to the bottom
end of the crucible at a second acute angle to the
vertical axis, a base portion of the cylinder attached to
the first portion of the outer element using a sealant to
form a hollow mold between an inner portion of the
outer element and an outer portion of the inner element.

8. The crucible of claim 7 wherein the hollow mold is

configured to receive a solid material comprising silicon,
silicon carbide, or a non-oxide ceramic that is melted and
cooled to form an ingot.

9. The crucible of claim 7 wherein the sealant comprises

a mixture of silicon nitride and a liquid that is baked to form
a seal between the outer element and the inner element.
10. The crucible of claim 7 wherein the inner element is
configured to separate from the outer element when a force
is applied to the inner element in a downward direction from
the top end of the crucible after an ingot is formed in the
hollow mold to release the ingot without cracking the ingot.

11. The crucible of claim 7 further comprising a rod

attached to a top end of the inner element to push the inner
element downward from the top end of the crucible to
disengage the inner element from the outer element after an
ingot is formed in the hollow mold by melting a solid
material in the hollow mold and by cooling the melted
material in the hollow mold.

12. The crucible of claim 11 wherein the rod is made of

graphite or molybdenum.

13. The crucible of claim 7 wherein:

the inner element and the outer element are made of
quartz; and

the inner portion of the outer element and the outer
portion of the inner element are coated with silicon
nitride.

14. The crucible of claim 8 wherein the ingot is 600 mm

long.
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15. The crucible of claim 8 wherein the solid material

includes a dopant.

16. The crucible of claim 7 further comprising:

at least one heater arranged around the outer element to
heat pieces of a solid material loaded in the hollow
mold, wherein the solid material includes silicon, sili-
con carbide, or a non-oxide ceramic;

a cooling apparatus arranged near the bottom end of the
hollow mold to cool a melted liquid formed in the
hollow mold by heating the pieces of the solid material;
and

at least one temperature sensor associated with the hollow
mold to sense a temperature of contents of the hollow
mold; and

a controller to control the at least one heater and the
cooling apparatus based on the sensed temperature to
form an ingot from the melted liquid in the hollow
mold.
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