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INGOT PULLER APPARATUS HAVING
HEAT SHIELDS WITH VOIDS THEREIN

CROSS-REFERENCE TO RELATED APPLICATION

[0001] This application claims the benefit of
U.S. Provisional Patent Application No. 63/119,200, filed
30 November 2020, which is incorporated herein by reference

in its entirety.

FIELD OF THE DISCLOSURE

[0002] The field of the disclosure relates to
ingot puller apparatus for preparing a single crystal
silicon ingot by the Czochralski method and, in particular,
ingot puller apparatus having a heat shield with a wvoid
(e.g., an area without insulation) disposed within the heat

shield.

BACKGROUND

[0003] Single crystal silicon is the starting
material for fabricating many electronic components such as
semiconductor devices and solar cells. Single crystal
silicon is commonly prepared using the Czochralski (“Cz”)
method. Briefly, the Czochralski method involves melting
polycrystalline silicon (“polysilicon”) in a crucible to
form a silicon melt, lowering a seed crystal into contact
with the melt to initiate crystal growth, and then pulling

a single-crystal ingot from the melt.

[0004] Some ingot puller apparatus include a
heat shield (sometimes referred to as a “reflector”) above
the melt that shrouds the ingot as the ingot is withdrawn

from the melt. The heat shield includes insulation
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throughout the heat shield to maintain the temperature of
the ingot as the ingot is withdrawn from the melt. Wafers
sliced from ingots grown in such ingot puller apparatus
include defects in a radial band close to the edge of the
wafer. These defects include large in-grown voids and
oxygen precipitates which may lead to gate-oxide-integrity
("GOI”) failures. Such failures are particularly troubling
for Perfect Silicon (PS) wafer products that are used, for

example, for new generation memory devices.

[0005] A need exists for ingot puller
apparatus that produce ingots having a reduced number
and/or a reduced size of defects such as voids and oxygen

precipitates.

[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.

SUMMARY

[0007] One aspect of the present disclosure is
directed to an ingot puller apparatus for growing a
monocrystalline silicon ingot from a melt of silicon. The
apparatus includes a puller housing defining a growth
chamber. A crucible is disposed within the growth chamber
for containing the melt of silicon. The ingot puller

apparatus includes a pulling mechanism for pulling the



WO 2022/115668 PCT/US2021/060918

ingot from the melt along a pull axis. A heat shield is
disposed within the growth chamber. The heat shield defines
a central passage for receiving the ingot as the ingot is
pulled by the pulling mechanism. The heat shield has a leg
segment that extends downward relative to the pull axis.

The leg segment has a void formed therein.

[0008] Another aspect of the present
disclosure is directed to an ingot puller apparatus for
growing a monocrystalline silicon ingot from a melt of
silicon. The apparatus includes a housing defining a growth
chamber. A crucible is disposed within the growth chamber
for containing the melt of silicon. A pulling mechanism is
configured to pull the ingot from the melt along a pull
axis. A heat shield is disposed within the growth chamber.
The heat shield defines a central passage for receiving the
ingot as the ingot is pulled by the pulling mechanism. The
heat shield has a leg segment that extends along the pull
axis. The leg segment comprises a foot at a distal end of
the leg segment that extends radially inward. The foot
includes a radially inward lower sidewall and a radially
inward upper sidewall. The radially inward lower sidewall
and radially inward upper sidewall angle toward each other
and form an apex. The apex is the most radially inward

portion of the heat shield.

[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
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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 view of an

ingot puller apparatus;

[0011] FIG. 2 is a cross-section view of a

heat shield of the ingot puller apparatus;

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

another embodiment of a heat shield;

[0013] FIG. 4 is a graph of the axial ingot
edge temperature measurement for an ingot grown by in a
conventional ingot puller apparatus, an ingot grown in an
ingot puller apparatus having the heat shield of FIG. 2,
and an ingot grown in an ingot puller apparatus having the

heat shield of FIG. 3;

[0014] FIG. 5 is a graph of the defect
performance and Perfect Silicon window for wafers sliced
from an ingot grown by a conventional ingot puller
apparatus, an ingot grown in an ingot puller apparatus
having the heat shield of FIG. 2, and an ingot grown in an
ingot puller apparatus having the heat shields of FIG. 3;

and

[0015] FIG. 6 is a graph of the defect
performance and mean pull rate for wafers sliced from an
ingot grown by a conventional ingot puller apparatus, an

ingot grown in an ingot puller apparatus having the heat
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shield of FIG. 2, and an ingot grown in an ingot puller

apparatus having the heat shields of FIG. 3.

[0016] Corresponding reference characters

indicate corresponding parts throughout the drawings.

DETATILED DESCRIPTION

[0017] An ingot puller apparatus (or more
simply “ingot puller”) for growing a monocrystalline
silicon ingot is indicated generally at “100” in FIG. 1.
The ingot puller apparatus 100 includes a crystal puller
housing 108 that defines a growth chamber 152 for pulling a
silicon ingot 113 from a melt 104 of silicon. The ingot
puller apparatus 100 includes a crucible 102 disposed
within the growth chamber 152 for holding the melt 104 of

silicon. The crucible 102 is supported by a susceptor 106.

[0018] 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 isg
& ailicon melt 104 having a melt surface 1311 {(i.e., meit-
ingot interfacs). The susceptor 106 is supported by a shaft
105. The susceptor 106, crucibkbles 102, =zhaft 105 and ingot

113 have a commen lengitudinal axis A or “pull axis” A,

[0019] A pulling mechanism 114 is provided
within the ingot puller apparatus 100 for growing and
pulling an ingot 113 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 seed
crystal 122 coupled to the seed holder or chuck 120 for
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initiating crystal growth. One end <f the pulling cable

connacted te a pu inct shown} or a drum {not

shown), or any other suitable typs ting meachanisnm,

v example, a shaft, and the othery end is connacted to ths
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the seed crystal 122

The pull mechanism 114 iz operated to cause the seed

z szingle crystal ingot 113

crystal to rise. This

4 from the melit 104,

[0020] ring heating and cryvsial pulling, a

crucible drive unit , & motor) rotates The

ooy

142 and susceptor 106, A 1ift mechanism 112 raises

the cruciblie along the pull axis A during
the growth process. As the ingot grows, the silicon melt
104 is consumed and the height of the melt 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.

A crystal drive unit (not shown) may

alao rotats

pulling cable 118 and ingot 113 in a

direction soesite the direction in which the crucible

drive ur 47 rotates ¢ crucikble 102 (e.q¢., counter-

abodime

esing isc-rotation, the

drive ur may robtate the pulling cs

direction in which the crucible drive unit 107 rotatesz the
crucible 102, In addition, the crystal drive unit railses

and lowers 3 relative to the melt svrface 111

the ingot 1

as desired

[0022] The ingot puller apparatus 100 w

include an inert gas system to introduce and withdraw an
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inert gas such as argon from the growth chambar 15Z. The
ingot puller apparatus 100 may also include a dopant feed
system (not shown) for introducing dopant into the melt

104.

[0023] According to the Czochralski single
crystal growth process, a guantity of polyerystalline
silicon, or polvsilicon, is charged to the crucible 102,
The semiconductor or solar-grade material that is
introduced into the crucible 102 is melted by heat provided
from one or more heating elements. The ingot puller
apparatus 100 includes bottom insulation 110 and side
insulation 124 to retain heat in the puller apparatus 100.
In the illustrated embodiment, the ingot puller apparatus
100 includes a bottom heater 126 disposed below the
crucible floor 129. The crucible 102 may be moved to be in
relatively close proximity to the bottom heater 126 to melt
the polycrystalline charged to the crucible 102.

[0024] To form the ingolt, the seed crystal 122

is contacted with the surface 111 of the melt 104. The

pulling mechanism 114 i3 opsrated to pull the seed crystal
122 from the melt 104, The ingot 113 includes & crown
portion 142 in which the ingot 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 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. The ingot 113 has a central
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longitudinal axis A that extends through the crown portion

142 and a terminal end of the ingot 113.

[0025] The ingot puller apparatus 100 includes

a side heater 135 and a susceptor 108 that encircles the

cruciblie to malntain 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
heater 135 and bolttom 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 embodir the

heaters 135

135 and bottom heater 12¢ may be controlled by a control
system (not shown) so that the temperature of the melt 104

is controlled throughout the pulling process.

[0026] In accordance with embodiments of the
present dizclosure, the ingob puller apparatus 100 alzo

a heat shield 151 disposed within the growth

152 and above the melt 104 which shrouds the ingot

a0

113 during ingolt growth. The heat shield 151 may be

cartially disposed within the crucible 102 during cryste

3

growth, The heat shield 151

PLVANG Tihd

pulling mechanism 114,

[0027] The heat shield 151 has a leg segment
164 (FIG. 2) that extends along the pull axis A (FIG. 1).
The leg segment 164 has a void 166 formed within the leg
segment 164 (i.e., an empty space which contains gas). The
void 166 is at the distal end 168 of the leg segment 164

and extends upward relative to the pull axis A. The leg
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segment 164 includes a leg segment housing 170 that defines
a leg chamber 172 within the housing 170. The leg segment
164 includes insulation 174 within the chamber 172. The
insulation 174 is supported by a ledge 155 that extends
from the housing 170. The void 166 is below the insulation
174 and is also radially inward to the insulation 174. The
insulation 174 may be separated from the leg segment
housing 174 by a gap 154 to reduce thermal conduction. The
leg segment housing 174 may have openings that allow inert
gas (e.g., argon gas) to enter the housing and fill the

void 166.

[0028] The leg segment housing 170 may be made
of graphite or a graphite shell having molybdenum sheets
within the shell to block radiation. Alternatively, the leg
segment housing may be made of graphite capped with silicon
carbide. The insulation 174 may be made of carbon (e.g.,

carbon-based rigid insulation), felt or layered molybdenum.

[0029] As shown in FIG. 2, the leg segment 164
comprises a foot 182 that extends radially inward from the
leg segment 164 toward the distal end 168 of the leg
segment 164. The void 166 extends at least partially into
the foot 182 (and extends through the entire foot in the
embodiment of FIG. 2). The foot 182 comprises a foot
housing 184 that defines a foot chamber 186. The foot
housing 184 includes a floor 190, radially inward sidewall
192 and sloped top 194. The radially inward sidewall 192 is
substantially parallel to the pull axis A (FIG. 1). In the
embodiment shown in FIG. 2, there is no insulation disposed
within the foot chamber 186. In other embodiments, the foot
chamber 186 includes an amount of insulation or other

material (e.g., graphite) therein.
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[0030] Another embodiment of the heat shield
is shown in FIG. 3. The components shown in FIG. 3 that are
analogous to those of FIG. 2 are designated by the
corresponding reference number of FIG. 2 plus “100” (e.g.,
part 182 becomes 282). The heat shield 251 includes a leg
segment 264 and a foot 282 that extends from the leg
segment 264. The heat shield 251 includes a void 266 formed
within a leg segment housing 270. The heat shield 251
includes insulation 274 within a leg chamber 272 formed
within the leg segment 264. The void 266 extends below the
insulation 174 and is also radially inward to the

insulation 174.

[0031] The foot 282 includes a radially inward
lower sidewall 283 and a radially inward upper sidewall
285. The radially inward lower sidewall 283 and radially
inward upper sidewall 285 angle toward each other and form
an apex 287 which is the most radially inward portion of
the heat shield 251. In the illustrated embodiment, the
apex 287 is an inner wall that is substantially parallel to

the pull axis A (FIG. 1).

[0032] As shown in FIG. 3, the foot 282 does
not include a void formed therein. The foot 282 may be made

of graphite.

[0033] Re g agaln to FIG. 1, the ingot

puller apparatusz 100 inciudes a cooling jacket 132. That
cooling jacket 132 at least partially overlaps the heat
shield 151 along the pull axis A (FIG. 1). The cooling
jacket 132 is radially inward to the heat shield 151. The

cooling jacket defines a central passage 134 for receiving
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the ingot as the ingot is pulled by the pulling mechanism
114.

[0034] Compared to conventional ingot puller

apparatus, the apparatus of ithe present dizclosure have

several advantages. Heat szhields having voids (FIGS. 2-3)
improve defect performance in the resuliting wafers which
mitigates the edge band {e.g., without changing the cooling

jacket dimensions of the topuller apparatus . The heat

shields enhance heat extraction in the 1685-1533° K
temperature range along the crystal edge. The heat shields
keep a relative uniform temperature gradient at the 1533-
1285° K temperature region of the crystal and enhance the
cooling effects for the rest of the crystal. The heat
shields result in the temperature of the outer upper
reflector to be maintained relatively high which reduces
particle contamination. The heat shields also minimize heat
loss resulting from the design modification (e.g., a power

bump by 15-40kw) .

EXAMPLES

[0035] 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: Ingot Axial Temperature Gradient

[0036] FIG. 4 shows the axial ingot edge
temperature measurement for an ingot grown in an ingot
puller apparatus having a conventional heat shield (“POR”)
such as the heat shield 151 of FIG. 1 but with insulation
throughout the heat shield. FIG. 4 also shows the axial

ingot edge temperature measurement for an ingot puller
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apparatus that includes the heat shield of FIG. 2 with a
void disposed in the heat shield (“FIG. 2”) and for an
ingot puller apparatus that includes the heat shield of
FIG. 3 having a void disposed therein and having a foot
having upper and lower sidewalls that angle toward each
other (“FIG. 3”). As shown in FIG. 4, the heat shields of
FIG. 2 and FIG. 3 reduce the incorporated vacancy
concentration in the ingot, keep vacancies mobile for a
longer time reducing the vacancy peak establish closer to

the edge, and reduce growth of clusters.

[0037] By increasing cooling higher in the
upper hotzone, the bottom of the heat shield is cooled

relative to the conventional design.

Example 2: Defect Performance Between Heat Shield Designs

[0038] FIGS. 5-6 show the defect performance
for an ingot grown by a use of an ingot puller apparatus
having a conventional heat shield (“POR”) such as the heat
shield 151 of FIG. 1 but with insulation throughout the
heat shield. FIG. 4 also shows the axial ingot edge
temperature measurement for an ingot grown in an ingot
puller apparatus that includes a heat shield of FIG. 2 with
a void in the heat shield (“FIG. 2”) and an ingot grown in
an ingot puller apparatus that includes the heat shield of
FIG. 3 having a void therein and having a foot with upper
and lower sidewalls that angle toward each other (“FIG.
3”). All parameters are scaled by POR performance for the
purpose of better comparison. Both the design of FIG. 2 and
the design of FIG. 3 have better defect performance than
the conventional heat shield (POR). In both new designs, a

10%-35% improvement in the perfect silicon window (i.e.,
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the range of pull rates at which perfect silicon is
produced) can be achieved (FIG. 5) depending on specific
process conditions with approximately a 10% lower pull rate

(FIG. ©).

[0039] 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 wvariation.

[0040] When introducing elements of the

present disclosure or the embodiment (s) thereof, the

" " "
4

articles "a an", "the" and "saild" 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
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.

[0041] 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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WHAT IS CLAIMED IS:

1. An ingot puller apparatus for growing a
monocrystalline silicon ingot from a melt of silicon, the

apparatus comprising:
a puller housing defining a growth chamber;

a crucible disposed within the growth chamber for

containing the melt of silicon;

a pulling mechanism for pulling the ingot from

the melt along a pull axis; and

a heat shield disposed within the growth chamber,
the heat shield defining a central passage for receiving
the ingot as the ingot is pulled by the pulling mechanism,
the heat shield having a leg segment that extends downward
relative to the pull axis, the leg segment having a void

formed therein.

2. The ingot puller apparatus as set forth in
claim 1 wherein the void is at a distal end of the leg

segment.

3. The ingot puller apparatus as set forth in
claim 1 or claim 2 wherein the leg segment includes a leg
segment housing that defines a leg chamber, the leg segment

comprising insulation disposed within the leg chamber.

4. The ingot puller apparatus as set forth in

claim 3 wherein the void is below the insulation.

5. The ingot puller apparatus as set forth in
claim 3 wherein the void is radially inward to the

insulation.
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6. The ingot puller apparatus as set forth in
claim 3 wherein the void is radially inward to the

insulation and also extends below the insulation.

7. The ingot puller apparatus as set forth in
any one of claims 3 to 6 wherein the insulation is made of

carbon, felt, or layered molybdenum.

8. The ingot puller apparatus as set forth in
any one of claims 3 to 7 wherein the leg segment housing is

made of graphite.

9. The ingot puller apparatus as set forth in
any one of claims 1 to 8 wherein the leg segment comprises
a foot at a distal end of the leg segment that extends
radially inward, the void being at least partially disposed
within the foot.

10. The ingot puller apparatus as set forth in
claim 9 wherein the foot comprises a foot housing that
defines a foot chamber, there being no insulation disposed

within the foot chamber.

11. The ingot puller apparatus as set forth in
claim 9 or claim 10 wherein the foot comprises a foot
housing, the foot housing having a radially inward sidewall

that is parallel to the pull axis.

12. The ingot puller apparatus as set forth in
claim 9 or claim 10 wherein the foot comprises a radially
inward lower sidewall and a radially inward upper sidewall,
the radially inward lower sidewall and radially inward

upper sidewall angling toward each other and forming an
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apex, the apex being the most radially inward portion of

the heat shield.

13. The ingot puller apparatus as set forth in
claim 12 wherein the foot does not include a void formed

therein.

14. The ingot puller apparatus as set forth in
any one of claims 1 to 13 comprising a cooling jacket that
at least partially overlaps the heat shield along the pull
axis, the cooling jacket being radially inward to the heat
shield, the cooling jacket defining a central passage for
receiving the ingot as the ingot is pulled by the pulling

mechanism.

15. An ingot puller apparatus for growing a
monocrystalline silicon ingot from a melt of silicon, the

apparatus comprising:
a housing defining a growth chamber;

a crucible disposed within the growth chamber for

containing the melt of silicon;

a pulling mechanism configured to pull the ingot

from the melt along a pull axis;

a heat shield disposed within the growth chamber,
the heat shield defining a central passage for receiving
the ingot as the ingot is pulled by the pulling mechanism,
the heat shield having a leg segment that extends along the
pull axis, the leg segment comprising a foot at a distal
end of the leg segment that extends radially inward, the

foot comprising:

a radially inward lower sidewall; and
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a radially inward upper sidewall, the
radially inward lower sidewall and radially inward
upper sidewall angling toward each other and forming
an apex, the apex being the most radially inward

portion of the heat shield.

l6. The ingot puller apparatus as set forth in
claim 15 wherein the foot does not include a void formed

within the foot.

17. The ingot puller apparatus as set forth in

claim 15 or claim 16 wherein the foot comprises graphite.

18. The ingot puller apparatus as set forth in
any one of claims 15 to 17 wherein the apex is an inner

wall that is parallel to the pull axis.

19. The ingot puller apparatus as set forth in
any one of claims 15 to 18 comprising a cooling jacket that
at least partially overlaps the heat shield along the pull
axis, the cooling jacket being radially inward to the heat
shield, the cooling jacket defining a central passage for
receiving the ingot as the ingot is pulled by the pulling

mechanism.



