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INGOT PULLER APPARATUS HAVING A COMPOUND EXHAUST
TUBE AND METHODS FOR SELECTING THE LENGTHS
OF LOWER AND UPPER EXHAUST TUBE PORTIONS

CROSS—-REFERENCE TO RELATED APPLICATION

[0001] This application claims the benefit of
U.S. Provisional Patent Application No. 63/153,012, filed
24 February 2021, which is incorporated herein by reference

it its entirety.

FIELD OF THE DISCLOSURE

[0002] The field of the disclosure relates to
ingot puller apparatus having a compound exhaust tube and
to methods for selecting the length of the lower and upper

portions of the compound exhaust tube.

BACKGROUND

[0003] Single crystal silicon ingots may be
prepared by the so-called Czochralski method in which a
single crystal silicon seed is contacted with a silicon
melt held within a crucible. The single crystal silicon
seed i1s withdrawn from the melt to pull the single crystal
silicon ingot from the melt. The ingot may be prepared in a
batch system in which a charge of polycrystalline silicon
is initially melted within the crucible and the silicon
ingot is withdrawn from the melt until the melted silicon
within the crucible is depleted. Alternatively, the ingot
may be withdrawn in a continuous Czochralski method in
which polysilicon is intermittently or continuously added
to the melt to replenish the silicon melt during ingot

growth.
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[0004] Crystal pulling may be performed in the
presence of an atmosphere within a housing of the ingot
puller apparatus. In both batch and continuous Czochralski
processes, a process gas inert relative to silicon such as
argon is continually introduced into the housing and
withdrawn through an exhaust system of the puller. As the
process gas is withdrawn, compounds may deposit on the
exhaust system tubes (e.g., silicon carbide and silicon
oxide compounds) which is at a lower temperature compared
to the puller chamber. Such deposits are periodically
removed from the exhaust system which may require the ingot
puller apparatus to be taken out of operation thereby
increasing processing cost. It is difficult to increase the
sizing of the exhaust system as there is a need to maintain
pressure within the housing which is difficult to achieve

with larger cross-section exhaust tubes.

[0005] A need exists for crystal pulling
systems that are characterized by reduced formation of
deposits on the exhaust system of the ingot puller
apparatus and that can withstand the environment (e.g.,

temperature) of the ingot puller apparatus.

[0006] This section is intended to introduce
the reader to various aspects of art that may be related to
various aspects of the disclosure, which are described
and/or claimed below. This discussion is believed to be
helpful in providing the reader with background information
to facilitate a better understanding of the various aspects
of the present disclosure. Accordingly, it should be
understood that these statements are to be read in this

light, and not as admissions of prior art.
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SUMMARY

[0007] One aspect of the present disclosure is
directed to an ingot puller apparatus for growing a single
crystal silicon ingot from a silicon melt. The apparatus
includes a housing defining a growth chamber. The housing
has a bottom and a sidewall that extends from the bottom. A
crucible is disposed within the growth chamber for holding
the silicon melt. An exhaust tube extends from the growth
chamber and to the bottom of the housing. The exhaust tube
defines an exhaust flow path for discharging an exhaust gas
from the growth chamber. The exhaust tube includes an upper
portion made of a first material and a lower portion
coupled to the upper portion. The lower portion is made of
a second material that is different from the first

material.

[0008] Another aspect of the present
disclosure is directed to a method for selecting a length
of a lower, metal portion of a compound exhaust tube of an
ingot puller apparatus. The compound exhaust tube includes
an upper portion made of a first material and a lower
portion coupled to the upper portion. The lower portion is
made of a second material that is a metal. The second
material is different from the first material. The compound
exhaust tube extends upward from a bottom of a housing and
through an insulation layer. The method includes
determining a threshold temperature for the lower, metal
portion of the exhaust tube. The radial position of the
exhaust tube is determined. The axial temperature profile
of the ingot puller apparatus is determined at the radial
position of the exhaust tube during a meltdown phase of

ingot growth. The axial temperature profile decreases from
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an upper portion of the insulation layer toward the housing
bottom. A length of the lower, metal portion of the exhaust
tube is selected such that an upper end of the lower, metal
portion is at an axial position in which the temperature of
the lower, metal portion is less than the threshold

temperature during the meltdown phase of ingot growth.

[0009] Various refinements exist of the
features noted in relation to the above-mentioned aspects
of the present disclosure. Further features may also be
incorporated in the above-mentioned aspects of the present
disclosure as well. These refinements and additional
features may exist individually or in any combination. For
instance, various features discussed below in relation to
any of the illustrated embodiments of the present
disclosure may be incorporated into any of the above-
described aspects of the present disclosure, alone or in

any combination.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] FIG. 1 is a cross-section of an ingot
puller apparatus having a charge of polycrystalline silicon

therein during meltdown;

[0011] FIG. 2 is a cross-section of the ingot
puller apparatus after meltdown and before silicon ingot

growth;

[0012] FIG. 3 is a cross-section of the ingot

puller apparatus during silicon ingot growth;

[0013] FIG. 4 is a perspective view of an

exhaust tube of the ingot puller apparatus; and
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[0014] FIG. 5 is an exploded view of the
exhaust tube showing an upper portion and a lower portion

thereof.

[0015] Corresponding reference characters

indicate corresponding parts throughout the drawings.

DETATILED DESCRIPTION

[0016] Provisions of the present disclosure
relate to ingot puller apparatus having a compound exhaust
tube and to methods for selecting the length of a lower
portion (e.g., metal lower portion) of the exhaust tube.
The ingot puller apparatus may generally be carried out in
any ingot puller apparatus that is configured to pull a
single crystal silicon ingot. An example ingot puller
apparatus (or more simply “ingot puller”) is indicated
generally at “100” in FIG. 1. The ingot puller apparatus
100 includes a crucible 102 for holding a melt 104 (FIG. 2)
of semiconductor or solar—-grade material, such as silicon,
supported by a susceptor 106. The ingot puller apparatus
100 includes an ingot puller housing 108 that defines a
growth chamber 152 for pulling a silicon ingot 113 (Fig. 3)
from the melt 104 along a pull axis A. The crucible 102 is
disposed within the growth chamber 152. The ingot puller
apparatus 100 is generally suited for batch Czochralski
growth in which the ingot is grown fully from an initial
charge 101 of polysilicon. In other embodiments,
polysilicon is added during ingot growth as in a continuous

Czochralski process.

[0017] The crucible 102 includes a floor 129
and a sidewall 131 that extends upward from the floor 129.

The sidewall 131 is generally vertical. The floor 129



includes the curved portion of the crucible 102 that
extends below the sidewall 131. Within the crucible 102 is
a silicon melt 104 (FIG. 3) having a melt surface 111

(i.e., melt-ingot interface).

[0018] In some embodiments, the crucible 102
is layered. For example, the crucible 102 may be made of a
quartz base layer and a synthetic quartz liner disposed on

the quartz base layer.

[0019] The susceptor 106 is supported by a
shaft 105. The susceptor 106, crucible 102, shaft 105 and
ingot 113 (Fig. 3) have a common longitudinal axis A or

“pull axis” A.

[0020] The ingot puller apparatus housing 108
includes a housing bottom 116 and a housing sidewall 121
that extends upward from the bottom 116. The ingot puller
apparatus 100 includes an insulation bottom layer 110 that
extends upward from the housing bottom 116. The ingot
puller apparatus 100 includes an insulation cap 125 to
prevent contaminants from entering the growth chamber 152
from the insulation bottom layer 110. Side insulation 124

extends radially inward from the housing sidewall 121.

[0021] A pulling mechanism 114 is provided
within the ingot puller apparatus 100 for growing and
pulling an ingot 113 (FIG. 3) from the melt 104. Pulling
mechanism 114 includes a pulling cable 118, a seed holder
or chuck 120 coupled to one end of the pulling cable 118,
and a silicon seed crystal 122 coupled to the seed holder
or chuck 120 for initiating crystal growth. One end of the
pulling cable 118 is connected to a pulley (not shown) or a

drum (not shown), or any other suitable type of lifting
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mechanism, for example, a shaft, and the other end is
connected to the chuck 120 that holds the seed crystal 122.
In operation, the seed crystal 122 is lowered to contact
the melt 104. The pulling mechanism 114 is operated to
cause the seed crystal 122 to rise. This causes a single
crystal ingot 113 (FIG. 3) to be withdrawn from the melt
104.

[0022] During heating and crystal pulling, a
crucible drive unit 107 (e.g., a motor) rotates the
crucible 102 and susceptor 106. A 1ift mechanism 112 raises
and lowers the crucible 102 along the pull axis A during
the growth process. For example, as shown in FIG. 1, the
crucible 102 may be at a lowest position (near the bottom
heater 126) at which an initial charge 101 of solid-phase
polycrystalline silicon previously added to the crucible
102 is melted. Crystal growth commences by contacting the
melt 104 with the seed crystal 122 and lifting the seed
crystal 122 by the pulling mechanism 114. As the ingot 113
grows, the silicon melt 104 is consumed and the height of
the melt 104 in the crucible 102 decreases. The crucible
102 and susceptor 106 may be raised to maintain the melt
surface 111 at or near the same position relative to the

ingot puller apparatus 100 (FIG. 3).

[0023] A crystal drive unit (not shown) may
also rotate the pulling cable 118 and ingot 113 (FIG. 3) in
a direction opposite the direction in which the crucible
drive unit 107 rotates the crucible 102 (e.g., counter-
rotation). In embodiments using iso-rotation, the crystal
drive unit may rotate the pulling cable 118 in the same
direction in which crucible drive unit 107 rotates the

crucible 102. In addition, the crystal drive unit raises
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and lowers the ingot 113 relative to the melt surface 111

as desired during the growth process.

[0024] The ingot puller apparatus 100 may
include an inert gas system to introduce and withdraw an
inert gas such as argon from the growth chamber 152. The
ingot puller apparatus 100 may also include a dopant feed
system (not shown) for introducing dopant into the melt

104.

[0025] According to the Czochralski single
crystal growth process, a quantity of solid polycrystalline
silicon 101 (FIG. 1), or polysilicon, is charged to the
crucible 102. The initial charge 101 of semiconductor or
solar-grade material that is introduced into the crucible
102 is melted by heat provided from one or more heating
elements to form a silicon melt 104 (FIG. 2) in the
crucible 102. The ingot puller apparatus 100 includes an
insulation bottom layer 110 and side insulation 124 to
retain heat in the growth chamber 152. A portion of the
ingot puller apparatus 100 may be cooled (e.g., fluid
cooled in a bottom portion of the apparatus 100). In the
illustrated embodiment, the ingot puller apparatus 100
includes a bottom heater 126 disposed below the crucible
floor 129. As shown in FIG. 1, the crucible 102 may be
moved to be in relatively close proximity to the bottom
heater 126 to melt the polycrystalline charge 101 in the
crucible 102.

[0026] To form the ingot 113 (FIG. 3), the
seed crystal 122 is contacted with the surface 111 of the
melt 104. The pulling mechanism 114 is operated to pull the
seed crystal 122 from the melt 104. Referring now to FIG.
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3, the ingot 113 includes a crown portion 142 in which the
ingot 113 transitions and tapers outward from the seed
crystal 122 to reach a target diameter. The ingot 113
includes a constant diameter portion 145 or cylindrical
“"main body” of the crystal 113 which is grown by increasing
the pull rate. The main body 145 of the ingot 113 has a
relatively constant diameter. The ingot 113 includes a tail
or end-cone (not shown) in which the ingot tapers in
diameter after the main body 145. When the diameter becomes
small enough, the ingot 113 is then separated from the melt
104.

[0027] The ingot puller apparatus 100 includes
a side heater 135 and a susceptor 106 that encircles the
crucible 102 to maintain the temperature of the melt 104
during crystal growth. The side heater 135 is disposed
radially outward to the crucible sidewall 131 as the
crucible 102 travels up and down the pull axis A. The side
heater 135 and bottom heater 126 may be any type of heater
that allows the side heater 135 and bottom heater 126 to
operate as described herein. In some embodiments, the
heaters 135, 126 are resistance heaters. The side heater
135 and bottom heater 126 may be controlled by a control
system (not shown) so that the temperature of the melt 104
is controlled throughout the pulling process. The bottom
heater 126 and side heater 135 are exemplary and the ingot
puller apparatus 100 may include different arrangements of
heaters (e.g., heaters in different positions and/or

additional heaters).

[0028] The ingot puller apparatus 100 may
include a heat shield 151. The heat shield 151 may shroud
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the ingot 113 and may be partially disposed within the
crucible 102 during crystal growth (FIG. 3).

[0029] The ingot puller apparatus 100 includes
an exhaust tube 140. The exhaust tube 140 extends through
the bottom 116 of the housing 108, through the insulation
bottom layer 110 and through the insulation cap 125 to the
growth chamber 152. The exhaust tube 140 includes an upper
end 143 which may be aligned with the insulation cap 125
and a lower end 149 aligned with the bottom 116 of the
housing 108. The exhaust tube 140 has an overall length Liso
(FIG. 4) that extends from the upper end 143 to the lower
end 149. The exhaust tube 140 defines an exhaust flow path
166 (FIG. 1) for discharging exhaust gas from the growth
chamber 152. The exhaust tube 140 may be integrated into an
exhaust port (not shown). The exhaust port may be connected
to external conduits (e.g., by flanged connections) which

direct the exhaust gas to a filtration system and a vacuum

pump .

[0030] While the ingot puller apparatus 100 is
shown with a single exhaust tube 140, it should be
understood that the ingot puller apparatus 100 may include
multiple exhaust tubes 140 (and associated exhaust ports)
such as at least 2, 3, 4, 5, or 6 or more exhaust tubes
140. In such embodiments, each exhaust tube 140 may be a

compound exhaust tube as described herein.

[0031] Referring now to FIG. 4, the exhaust
tube 140 includes an upper portion 147 and a lower portion
155 coupled to the upper portion 147. The upper portion 147
is made of a first material and the lower portion 155 is

made of a second material different from the first



WO 2022/182534 PCT/US2022/016188

11

material. In accordance with some embodiments of the
present disclosure, the first material of which the upper
portion 147 is made has a melting temperature greater than
the melting temperature of the second material of which the
lower portion 155 is made. In some embodiments, the first
material of which the upper portion 147 of the exhaust tube
140 is made is graphite. The second material of which the
lower portion 155 of the exhaust tube 140 is made may be a
metal such as stainless steel (e.g., the upper portion 147

is graphite and the lower portion 155 is stainless steel).

[0032] It should be noted that the exhaust
tube 140 shown in FIGS. 4-5 is exemplary. For example, the
upper portion 147 and/or lower portion 155 may include two
or more layers (e.g., the upper portion 147 may include a
graphite layer on the inside and a metal layer on the
outside). In some embodiments, the compound exhaust tube
140 includes additional portions made of different

materials.

[0033] The upper portion 147 and lower portion
155 of the exhaust tube 140 may be coupled together
according to any known methods for connecting two
dissimilar materials. For example and as shown in FIG. 5,
the lower portion 155 includes a collar 158. When the two
portions 147, 155 are coupled together, the collar 158 is
received in the upper portion 147 (e.g., within a counter
bore formed in the upper portion 147). The collar 158 may
be friction fit within the upper portion 147 (e.g., with
the weight of the upper portion 147 and/or the bore within
the insulation bottom layer 110 helping maintain the

connection) .
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[0034] The upper portion 147 of the exhaust
tube has a length Lisy that extends from the its upper end
154 to its lower end 156. The lower portion 155 has a
length Ljss that extends from its upper end 162 to its lower
end 164 (i.e., the length Liss includes the collar 158).

[0035] In accordance with some embodiments of
the present disclosure (e.g., when the lower portion 155 of
the exhaust tube 140 is metal such as stainless steel), the
length Liss of the lower portion 155 of the exhaust tube 140
may be selected to prevent deformation and/or destruction
of the lower portion 155 of the exhaust tube 140. To select
the length Liss of the lower portion 155 of the exhaust tube
140, a threshold temperature for the lower (e.g., metal)
portion 155 of the exhaust tube 140 is determined. The
threshold temperature may be related to the melting
temperature of the second material of the lower portion 155
of the exhaust tube 140 (e.g., 10°C less than the melting
temperature of the second material of which the lower
portion 155 of the exhaust tube 140 is made, or 25°C less
than the melting temperature, 50°C less than the melting
temperature, or 100°C less than the melting temperature of
the second material of which the lower portion 155 of the
exhaust tube 140 is made). In some embodiments, the
threshold temperature is the melting temperature of the
second material of the lower portion 155 of the exhaust

tube 140.

[0036] In embodiments in which the lower
portion 155 is made of stainless steel (e.g., 304L
stainless steel which has a melting temperature generally
ranging from 1400°C to 1420°C), the threshold temperature
may be 1400°C or less, 1375°C or less, or 1330°C or less.
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[0037] Embodiments of the method of selecting
the length Liss of the lower portion 155 of the exhaust tube
140 may include determining the axial temperature profile
of the ingot puller apparatus 100 at the radial position
Rig0 (FIG. 1) of the exhaust tube 140 during a meltdown
phase of ingot growth (i.e., the temperature within the
ingot puller apparatus along the length Lis of the exhaust
tube 140). In existing ingot pullers 100 in which the
compound exhaust tube 140 is being retrofit for a
conventional exhaust tube, the radial position Rispo (FIG. 1)
of the exhaust tube 140 is simply the position of the tube
in the ingot puller 100. In new ingot puller apparatus 100,
the radial position Riso is set by determining where the
exhaust tube 140 will be positioned when designing new

ingot puller apparatus 100.

[0038] The axial temperature profile at the
radial position of the exhaust tube 140 may be determined
by measuring temperatures within the ingot puller apparatus
100 during the meltdown phase of ingot growth (e.g.,
measuring actual temperatures within the ingot puller
apparatus 100 with one or more temperature sensors). In
some embodiments, the axial temperature profile at the
radial position of the exhaust tube 140 is determined by
modeling temperatures within the ingot puller apparatus 100
during the meltdown phase. The temperature profile of the
ingot puller apparatus 100 during meltdown may be modeled
by using commercially available tools, such as CrysVun
(CrysVun software, Crystal Growth Laboratory, Fraunhofer
Institute IISB, Erlangen, Germany), COMSOL (COMSOL

multiphysics software, COMSOL Inc.

o

tts, USA), Fluent (commercial software managed by
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Ansys, Canonsburg, Pennsylvania, USA), and CGSim (CGSim
software, commercialized by STR Group, Inc., St.
Petersburg, Russia). These tools are exemplary and other
software codes that model the heat transmission in a puller
during meltdown (e.g., any steady-state 2D simulation) may

be used.

[0039] In accordance with embodiments of the
present disclosure, the temperature profile of the ingot
puller apparatus 100 is determined during the meltdown
phase in which the initial charge 101 (FIG. 1) of solid-
phase polycrystalline silicon added to the crucible 102 is
melted. During meltdown, the crucible 102 is typically
lowered to its lowest position that is closest to the
bottom heater (or heaters) 126. During meltdown, the
exhaust tube 140 may be at its highest temperature and
lower portion 155 being closest to the threshold
temperature. The axial temperature profile at the radial
position Riyo 0of the exhaust tube 140 generally decreases in

temperature from its upper end 143 to its lower end 149.

[0040] Once the temperature profile of the
ingot puller apparatus 100 at the radial position of the
exhaust tube 140 is determined during the meltdown phase, a
length ILiss of the lower, metal portion 155 of the exhaust
tube 140 is selected. The length Liss of the lower, metal
portion 155 of the exhaust tube 140 is selected such that
the upper end 162 (FIG. 5) of the lower, metal portion 155
is at an axial position in which the temperature of the
entire lower, metal portion 155 is less than the threshold
temperature during the meltdown phase of ingot growth

(i.e., when melting the silicon charge 101 (FIG. 1)). In
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this regard, it should be noted that the length Liss of the
lower portion 155 of the exhaust tube may include the
collar 158 (FIG. 5) to ensure that the entire lower portion
155 of the exhaust tube 140 is below the threshold

temperature.

[0041] Because the length Liso (FIG. 4) of the
exhaust tube 140 is relatively fixed by the thickness of
the insulation bottom layer 110, it should be noted that
selecting the length ILiss of the lower portion 155 of the
exhaust tube also sets the length Lis; of the upper portion
147 of the exhaust tube 140 (i.e., in embodiments in which
the compound exhaust tube 140 only includes two sections

and the height of the collar 158 is fixed).

[0042] In some embodiments, a second threshold
temperature is set for the upper portion 147 of the exhaust
tube 140 (i.e., with the threshold temperature described
above being the first threshold temperature). In such
embodiments, while the length Liss of the lower portion 155
of the exhaust tube may be reduced to ensure that the upper
end 162 of the lower portion 155 is less than the first
threshold temperature, the length IL;ss may also be selected
such that the bottom portion 155 is sufficiently long to
allow the entire length Lis; of the upper portion 147 of the
exhaust tube 140 to be above the second threshold
temperature. For example, the second threshold temperature
may be the maximum temperature at which at least some
deposits form on the upper portion 147 of the exhaust tube
140 (i.e., the second threshold temperature is a
temperature at which such deposits do not form above the
second threshold temperature). Example deposits include
silicon oxides (SiOx), silicon (e.g., by silicon

condensation), and silicon carbides (SiC) (including SiC
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and SiOy complexes). In embodiments in which the upper
portion 147 is made of graphite, the second threshold
temperature at which the upper portion 147 is maintained
above (i.e., by making the lower portion 155 of sufficient
length Liss so as to keep the entire upper portion 147 at
the hotter portions of the insulation bottom layer 110) may
be 1200°C.

[0043] Compared to conventional ingot puller
apparatus, the ingot puller apparatus of the present
disclosure has several advantages. By using a compound
exhaust tube, the exhaust tube may be tailored to reduce
deposits which form in the exhaust tube. In embodiments in
which the upper portion is made of graphite, the upper
portion is relatively simpler and less expensive to
fabricate. Graphite is also a relatively inexpensive
material. In such embodiments, graphite is limited to the
upper portion of the exhaust tube which is relatively
higher in temperature and more resistant to formation of
deposits. In embodiments in which the lower portion of the
exhaust tube is made of stainless steel, stainless steel 1is
resistant to formation of deposits which is beneficial at
the cooler, lower portions of the exhaust tube at which
deposits from more readily. By reducing deposits, the
runtime of the ingot puller apparatus may be increased
which increases productivity. Longer run times allow for
more consistent processing (which increases yield) and
result in less frequent disassembly of the hot zone which
reduces damage to the hot zone. Further, the exhaust tube
may be replaced less often, thereby reducing operating
cost. By modeling the temperature of the ingot puller
apparatus, the length of the lower portion of the tube may
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be selected such that the upper end of the exhaust tube is
below a threshold temperature at which the material of the
lower portion (e.g., stainless steel) begins to deform or
melt. Alternatively or in addition, the length of the lower
portion of the tube may be selected such that the length of
the upper portion of the tube is sufficiently short to
ensure that the upper portion is above a temperature at
which deposits form on the material from which the upper
portion of the tube is made (e.g., above 1200°C for
graphite) .

EXAMPLES

[0044] The processes of the present disclosure
are further illustrated by the following Examples. These

Examples should not be viewed in a limiting sense.

Example 1: Use of a Compound Exhaust Tube

[0045] A compound exhaust tube was used in an
ingot puller apparatus similar to the ingot puller
apparatus 100 shown in FIGS. 1-3. The exhaust tube included
an upper portion made of graphite and a lower portion made
of stainless steel. During ingot growth, an upper section
of the stainless steel lower portion of the exhaust tube
melted. The temperature profile of the ingot puller
apparatus was modeled using conventional tools. The
boundary between the section of the stainless steel portion
of the tube that melted and the section below it which did
not melt generally corresponded to the position of the
1330°C contour line in the temperature profile of the ingot
puller apparatus (i.e., the contour line at which the

actual melting occurred may be used as a maximum threshold
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temperature for the lower, metal portion of the exhaust

tube) .

[0046] A second exhaust tube was used in the
ingot puller apparatus that also included an upper portion
made of graphite and a lower portion made of stainless
steel. The length of the stainless steel lower portion of
the second exhaust tube was reduced (and the length of the
graphite upper portion correspondingly increased) such that
the entire stainless steel portion was below the 1330°C
contour line of the modeled temperature profile of the
ingot puller apparatus. The stainless steel portion did not
melt during ingot growth. The exhaust tube did not include
excessive deposit formation of the upper graphite portion

and the lower stainless portion included minimal deposits.

[0047] As used herein, the terms “about,”
“substantially,” “essentially” and “approximately” when
used in conjunction with ranges of dimensions,
concentrations, temperatures or other physical or chemical
properties or characteristics is meant to cover variations
that may exist in the upper and/or lower limits of the
ranges of the properties or characteristics, including, for
example, variations resulting from rounding, measurement

methodology or other statistical variation.

[0048] When introducing elements of the

present disclosure or the embodiment (s) thereof, the

articles "a, an," "the," and "said" are intended to mean

that there are one or more of the elements. The terms

"comprising," "including," “containing,” and "having" are

intended to be inclusive and mean that there may be

additional elements other than the listed elements. The use
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of terms indicating a particular orientation (e.g., "top,"
"bottom," "side," etc.) is for convenience of description
and does not require any particular orientation of the item

described.

[0049] As various changes could be made in the
above constructions and methods without departing from the
scope of the disclosure, it is intended that all matter
contained in the above description and shown in the
accompanying drawing[s] shall be interpreted as

illustrative and not in a limiting sense.
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CLAIMS:

1. An ingot puller apparatus for growing a
single crystal silicon ingot from a silicon melt, the

apparatus comprising:

a housing defining a growth chamber, the housing
having a bottom and a sidewall that extends from the

bottom;

a crucible disposed within the growth chamber for

holding the silicon melt;

an exhaust tube that extends from the growth
chamber and through the bottom of the housing, the exhaust
tube defining an exhaust flow path for discharging an
exhaust gas from the growth chamber, the exhaust tube

comprising:

an upper portion made of a first material;

and

a lower portion coupled to the upper
portion, the lower portion being made of a second
material, the second material being different from the

first material.

2. The ingot puller apparatus as set forth in

claim 1 wherein the first material is graphite.

3. The ingot puller apparatus as set forth in

claim 1 or claim 2 wherein the second material is metal.

4. The ingot puller apparatus as set forth in

claim 3 wherein the second material is stainless steel.



MCSLLP
21

5. The ingot puller apparatus as set forth in
claim 1 wherein the first material is graphite and the

second material is stainless steel.

6. The ingot puller apparatus as set forth in
any one of claims claims 1 to 5 wherein the first material
has a melting temperature greater than a melting

temperature of the second material.

7. The ingot puller apparatus as set forth in
any one of claims 1 to 6 wherein the lower portion includes
a collar, the collar being received in the upper portion
and wherein the collar is friction fit within the upper

portion.

8. The ingot puller apparatus as set forth in
any one of claims 1 to 7 wherein the ingot puller apparatus
comprises a plurality of exhaust tubes, each exhaust tube

comprising:
an upper portion made of the first material;
and

a lower portion coupled to the upper portion, the

lower portion being made of the second material.

9. A method for selecting a length of a lower,
metal portion of a compound exhaust tube of an ingot puller
apparatus, the compound exhaust tube comprising an upper
portion made of a first material and a lower portion
coupled to the upper portion, the lower portion being made
of a second material that is a metal, the second material
being different from the first material, the compound
exhaust tube extending upward from a bottom of a housing

and through an insulation layer, the method comprising:
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determining a threshold temperature for the

lower, metal portion of the exhaust tube;

determining the radial position of the exhaust

tube;

determining the axial temperature profile of the
ingot puller apparatus at the radial position of the
exhaust tube during a meltdown phase of ingot growth, the
axial temperature profile decreasing from an upper portion

of the insulation layer toward the housing bottom; and

selecting a length of the lower, metal portion of
the exhaust tube such that an upper end of the lower, metal
portion is at an axial position in which the temperature of
the lower, metal portion is less than the threshold

temperature during the meltdown phase of ingot growth.

10. The method as set forth in claim 9 wherein
the axial temperature profile at the radial position of the
exhaust tube is determined by measuring temperatures within

the ingot puller apparatus during the meltdown phase.

11. The method as set forth in claim 9 wherein
the axial temperature profile at the radial position of the
exhaust tube is determined by modeling temperatures within

the ingot puller apparatus during the meltdown phase.

12. The method as set forth in any one of claims
9 to 11 wherein the threshold temperature is related to the
melting temperature of the second material of the lower,

metal portion of the exhaust tube.

13. The method as set forth in any one of claims

9 to 11 wherein the threshold temperature is the melting
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temperature of the second material of the lower, metal

portion of the exhaust tube.

14. The method as set forth in any one of claims
9 to 13 wherein the threshold temperature is a first
threshold temperature, the length of the lower, metal
portion of the exhaust tube being selected such that the
entire length of the upper portion of the exhaust tube is

above a second threshold temperature.

15. The method as set forth in claim 14 wherein
the second threshold temperature is a maximum temperature
at which deposits begin to form on the upper portion of the

exhaust tube.

16. The method as set forth in claim 15 wherein
the deposits are at least silicon oxides, silicon, and

silicon carbides.

17. The method as set forth in any one of claims
14 to 16 wherein the first material of which the upper
portion is made is graphite and the second threshold

temperature is 1200°C.

18. The method as set forth in any one of claims
9 to 17 wherein the second material of which the lower

portion is made is stainless steel.

19. The method as set forth in any one of claims
9 to 18 wherein the first material of which the upper

portion is made is graphite.





