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INGOT PULLER APPARATUS HAVING A HEAT SHIELD
DISPOSED BELOW A SIDE HEATER AND METHODS FOR
PREPARING AN INGOT WITH SUCH APPARATUS

FIELD OF THE DISCLOSURE

[0001] The field of the disclosure relates to
ingot puller apparatus and, in particular, ingot puller
apparatus having a heat shield disposed below a side

heater.

BACKGROUND

[0002] Some conventional ingot puller
apparatus include a relatively long side heater in the
ingot puller hotzone. To achieve a desired temperature
profile in the melt, insulation is removed toward the
bottom of the hotzone. Removal of insulation increases the
side heater energy input thereby decreasing thermal
efficiency. Further, relatively long heaters may heat the
bottom of the crucible and the shaft used to raise the
crucible when the crucible is raised during crystal growth

further decreasing the energy efficiency of the process.

[0003] A need exists for ingot puller
apparatus having a hotzone that allows a desirable
temperature profile to be achieved while increasing the

efficiency of the hotzone and the heating system.

[0004] 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
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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

[0005] One aspect of the present disclosure is
directed to an ingot puller apparatus for producing a
silicon ingot. The ingot puller apparatus includes a
crucible for holding a melt of silicon. The crucible has a
floor and a sidewall that extends from the floor. The
ingot puller apparatus includes a growth chamber for
pulling a silicon ingot from the melt along a pull axis.
The ingot puller apparatus includes a lift mechanism for
raising and lowering the crucible during crystal growth
relative to the pull axis. The crucible moves axially
between a lowest position in which a charge of silicon is
melted to produce the silicon melt, a seed-dip position at
which a seed crystal is initially contacted with the melt
to pull the silicon ingot from the melt, and a terminal
position in which the crucible has been depleted of melt.
A side heater is disposed radially outward to the crucible
sidewall as the crucible travels from the lowest position
to the terminal position. A bottom heater is disposed
below the crucible floor. A heat shield is disposed

directly below the side heater.

[0006] Yet another aspect of the present
disclosure is directed to a method for preparing an ingot
in an ingot puller apparatus comprising a crucible having a
floor and sidewall extending from the floor, a side heater
disposed radially outward to the crucible sidewall, and a

heat shield disposed directly below the side heater. A
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melt of silicon is formed in the crucible when the crucible
is in a lowest position, the side heater being fully above
the floor of the crucible when the crucible is in the
lowest position. The melt is contacted with a seed
crystal. An ingot is withdrawn from the silicon melt. The
crucible is raised as the ingot is withdrawn from the
silicon melt, the crucible being in a terminal position

when the ingot is separated from the melt.

[0007] 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

[0008] Figure 1 is an cross-section view of an
ingot puller apparatus having a heat shield disposed below

a side heater with the crucible in the lowest position;

[0009] Figure 2 is a cross-section view of the

ingot puller apparatus during ingot growth;

[0010] Figure 3 is a cross-section view of the
ingot puller apparatus with the crucible in a terminal

position in which the melt is depleted;
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[0011] Figure 4 is a cross-section view of
another ingot puller apparatus having a relatively longer
side heater and without a heat shield disposed below the

side heater;

[0012] Figure 5 is a schematic view of the
temperature profile of the melt and side heater of the

ingot puller apparatus of Figure 4; and

[0013] Figure 6 is a schematic view of the
temperature profile of the melt and side heater of the

ingot puller apparatus of Figures 1-3.

[0014] Corresponding reference characters

indicate corresponding parts throughout the drawings.

DETAILED DESCRIPTION

[0015] An ingot puller apparatus (or more
simply “ingot puller”) is indicated generally at “100” in
Figure 1. The ingot puller apparatus 100 includes a
crucible 102 for holding a melt 104 of semiconductor or
solar-grade material, such as silicon, supported by a
susceptor 106. The ingot puller apparatus 100 includes a
crystal puller housing 108 that defines a growth chamber
152 for pulling a silicon ingot 113 (Fig. 2) from the melt
104 along a pull axis A.

[0016] 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. The crucible 102 includes
a bottom 116 which is the lowest point of the crucible 102

relative to the pull axis A. Within the crucible 102 is a
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silicon melt 104 having a wmelt surface 111 {i.e., melt-

[0017] The susceptor 106 is supported by a

shaft 105. The susceptor 106, crucible 102, shaft 105 and

(Fig. 2} have a common longitudinal axmis A ov

J

ingot

"oull axis” A

[0018] 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
initiating crystal growth. One end <f the pulling cable
118 is connected Lo a pulley (oot shown) or a drum (noet
shown), or any cther suitable type of lifting mechanism,
for exzample, a shaff, and the other end is connected to the
chuck 120 that holds the seed crystal 122. In operaiicon,

18 lowered o contact the melc 104.

the seed crystal

The pulliing mechanism 1i4 is opsrated to cause the sesed

causes a single crvstal

crystal

1272 to rise.

104,

from the melt

ingot 3 (Fig. Z3

[0019] During heating and crvatal puiling, a
cracible drive unit 107 {(e.g., a motor) rotates the
crucible 102 and susceptor 106. A Liff mechanism 112
raises and lowers the crucible 102 along the pull axis &

during the growth process. For ezample, as zshown in Figure

1. the crucible mayv be at a lowest position {(near the

bottom heater 126} in which a charge of a0

silicon previously added to the crucible

Crystal growth commences by contacting the
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melts 104 with the seed cryvstal 122 and lifting the sead

cryvatal 122 by the pulling mechanism 114. The crucible 102

may be raised a distance from its lowest position before

the melt 104 1s contacted with the seed cryvatal 122 (i.e.,
=

vaised to a “seed-dip position”).

[0020] Ag 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. The
crucible 102 may move axially between its lowest position
shown in Figure 1 (e.g., at meltdown), to the seed-dip
position at which a seed crystal is initially contacted
with the melt to pull the silicon ingot from the melt, and
a terminal position (Fig. 3) in which the crucible has been
depleted of melt. The terminal pogition of the crucible
102 is above the seed-dip position of the crucible 102 (and

lowest position).

[0021] A crystal dvive unit {(not shown) wmay
)

also rotate the pulling cable 118 and ingot 113 (Fig. 2) in

& direction oppasite the direction in which the orucikle

’

drive unit 107 rotates the orucikle 102 {e.g., <ounisr-

-

rotation). In ewbodiments using isc-vobabion, the crvetal
drive unit may votate the pulling cakle 1318 in the same
direction in which crucible drive unit 107 rotates the
crucible 102, In addition, the crystal drive unit rzises
and lowers the ingot 113 relative to the melf surface 111

as desired during the growth procsss.

[0022] The ingot puller apparatus 100 may

inelude an inert gss system to intreoduce and withdraw an
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inert gas such as avgon from the growih chamber 152. 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
cryatal growth process, a gusntity of polyeoryvstaslline
gilicon, or polysilicon, is charged to the crucible 10Z.
The semiconductor or solar-grade material that is
introduced into the crucible 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. 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 ingoi, the seed crvetal 122
18 contactad with the suriace 111 of the melt 104. The

pulling wmechaniem 114 iz operated to pull the sead crysial

122 from the melt 104. Referving now Lo Figure 2, the
ingot 113 imciudes & 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 149
(Fig. 3) 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
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113 has a central longitudinal axis A that extends through
the crown portion 142 and a terminal end 150 of the ingot

113.

[0025] The ingot puller apparatus 100 includes
a side heater 135 and a susceptor 106 that encircles the

o

crucible 102 to maintain the temperature of the melt 104

during crystal growih. The side he 135 is disposed
radially outward to the crucible sidewall 131 as the
crucible 102 travels up and down the pull axis A (e.g.,

from the lowest position to the terminal position). The

gide heater 135 and bottom er 126 may be any Lype o

Meater that allowg the gide heaster 135 and bottom hea

126 to operate as de In some embodimsnte,

stance heaters. The side

135, 1Za
heater 135 and bobttom 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.

[0026] In accordance with embodiments of the
present disclosure, the side heater 135 may have a
relatively shoriter length L.oys (i.2., height) relative to
conventional ingot crystal pullers which may reducs ths

amount of oxygen fLaken up in the inget 113, In some
t

embodimen he gide heabter 135 may have a length

500 mm oxr less, 450 mm ox less, 400 mm or leas, o

p—

or less. At least & portion of the side heater 135 is

laterally aligned with Lhe sidewall 131 of the crucibls 102

as the crxucible 10Z travels between tThe crucible lowsst
position, seed-dip position and the terminal position

{fe.g., a radius that corthogornally extends outward frow the

pull axiz A is capable of intersecting the sidewall 131 and

crucible 102} .

PCT/US2020/060097
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[0027] The ingot puller apparatus 100 alsc
includes a heat shield 140 that encircles the crucible 102
and susceptor 106 Lo maintain the temperature of the melt
104 duving cryvstal growth. The heat shield 140 is disposed
below the side heater 135 and mayv be separated from the
side heater 135 by a gap 1553. In some embodiments, the
heat ashield 140 is separated from the side heater 135 bv no
more than about 50 mm or no more than 40 mm (e.g., from 30
mm to about 50 mm). In other embodiments, the heat shield

140 is not separated from the side heater 135 (i.e., the

heat shield 140 and side heater 135 are continuous) .

[0028] In the iilustrated embodiment, the heat
ghield 140 is disposed directly below the side heater 135

140

and heat shield 140 are aligned

when viewed from below or “vevtically aligned”). In some

I Lyg, (Fig. 2)

the heat 1d 14¢ has a leng

Tise ©f the heat ghiesld

that is grester than the thickoes
490

-t

The heat sghield 140 may have a thickness Ty that ig
at least the thickness T..; of the sgide heater 135 and, in

cther embodiments, 13 ab least 1.1 times the thickness Ti:s

i the gide heater 135, ab least 1.25 times the thickoess

T35 i the ey 135, or ab least 1.5 times the

-

thickness Tiws of the gide heater 135 {e.g., from 1.0 o 2.0

o]

timeg Lhe thickoesss Tise 0of the side heater 135.). The heatb

shield 140 may be radially disposed relative to the side

id 140

35 such that a portion of the heat shi

cverlaps each side of 1@ side he r 13% {i.e., when
viewed [rom above a first portiocn of the heat shield 140 is
radially inward tco the side heater 135 and a second poerition

of the heat shield 1490 is radially outward to the side

heater 135} .
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[0029] The heat shield 140 mav generaslly be
made 0f any material that reduces cooling of the bottom
of the side heater 135. The heat shield may
include insulation or reflective material. The heat shield
1d

may be layered. In embodiments in which the heat shie

made of insulation, the insu

graphite to reduce risk of zevo dislocation in the ingot.
In some embodiments, the heat shield may include a graphite

N .

e

Uk

ith molvbdenum sheets being dizpesed within the

5
<

v

B

e

e

L
L to block radiation.

j63]

[0030] The

IR
A

151 {(e.g., with the f{irst heat

include second heat sh

a
ghield 140 being a “lower” heat shiesld and the second heat

: 1%

shield 1 being an “upper heat ehield” ). The second heat

gshield 151 may shroud the ingot 112 such that the iogot

heat shield

pagses through an opening 160 formed by
151. The hest shield 151 may be dispcesed within the
crucible 102 during crystal growth (e.g., &g shown in the

terminal positicn of the crucible 102 ag shown in Figu

[ %5}

).

[0031] The crucibls 102 is shown in its lowest

ed embodiment, when

in Figure 1. In the illust

positicn, the side heater

102 1s in its lowe

~

above the floor 129 of the crucible 102. For

ctom 118 of the

ezample, the distance between the ke
crucible 102 and the gide heater 13% {(i.e., the distance o
the bottom of the side heater 135) may be at i=ast about 23

mm or at least about 530 mm. The distance between tha

1
i

crucible 102 and the top of the side

(e
Q
h
~+
p—
)
]

hottom

heater at least about 75 mm or at least about

3 portion of the heat shield 140 is above

fuy
o
fe]
3
=



WO 2022/10.

the bo
the he

floor

Lermin
embodi
pogitd
of the
below

Lermin

digclo
pullexr

appara

when ti

or les
heater
crucibl

heater

hottom

noves
interf

The ho

3391 PCT/US2020/060097

11

ttom 116 of the crucible 102. At least a portion of

g0 below at least a porxtion of the

at shield 140 1is al

12% of the cruciblie 102.

[0032] The crucible 102 ig ghown in its
al positicn in Figure 3. In the illustrated

the terminal

mernt , when the crucibl
on, the heat ghield 140 is f£ully below the {loor 123

crucible 102, The heat shield 140 is also fully

the suscept 106 when the crucible 102 is in the

al position.

[0033] Ingot puller apparatus of the pregent

sure have several advantages over conventional ingob
apparatus. In embodiments in which the ingot puller

tus i

iudes a relatively short side heater (e.g.,

e side heater has a length <f 500 mm or lsss, 450 mm

L
-
O
=
ot
oy
o
n
T
joN
[}

&, 400 mm or less oy 350 mm or less an

floonr of the crucible when the

le is in its lowest positicon), the heat from the zide
iz directad to the crucible and susceptor directly

than some energy being dirvscted toward the shaft and
insulaticn as the orucible is rvaised during ingont

This resulis in wmore efficient energy ussa

the melt hotspot upward from the meif-o
ace. Thig allows morve insulation to be added to move

tepot down and mainbalin the same temperature profile

Less energy and with less leasks toward the bottom of

hotzone thereby improving efficiency. During growth of

The la

const

te body of the ingot {i.e., the porti of the

diameter poriion toward the end-cone which is

when the crucible iz relatively high in the puller

atus), the temperature range of the corucible wall may
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be wider relatively to use of longsr heaters which allows

pi

the interstitial oxvgen of the late body to be reduced.

[0034] In embodiments in which a heat shield
is disposed below the side heater, the heat shield reduces
cocling of the lowser portion of the side heater becsuse the
heat shield reduces exposure to the relatively cooler
components toward the bottom of the hotzone. This reduces
the energy needed for the heater to achieve its desired
temperature and increases the energy efficiency of the

hotzone.

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: Use of a Hotzone with a 525 mm Heater vs a
Hotzone with a 325 mm Heater with a Heat Shield Disposed
Below the Heater

[0036] Figure 5 shows the temperature profile
of the hotzone configuration of the ingot puller apparatus
of Figure 4 (cooler portions of the melt and heater are
shown with darker stippling in Figures 5 and 6). The
hotzone of Figure 4 included a side heater 135 with a
length of 525 mm and did not include a heat shield below
the side heater. The hotzone also included a portion of
the insulation removed toward the bottom of the hotzone to
achieve the desired temperature profile. The side heater
of Figure 4 was operated at 103 kW and the bottom heater
was operated at 5 kW (108 kW total heat input). The
temperature profile of Figure 5 is desirable as the melt

hotspot is at the melt-crucible interface. As shown in the
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temperature profile of the side heater which is to the
right of Figure 5, the side heater was relatively cool
toward the lower portions of the heater because of the

reduced insulation.

[0037] Figure 6 shows the temperature profile
of the hotzone configuration of the ingot puller apparatus
of Figures 1-3 in which a relatively shorter side heater
135 of 325 mm in length was used (i.e., 200 mm less than
the side heater of Figure 4). The hotzone included a heat
shield 140 disposed below the side heater 135. The hotzone
included an amount of insulation (about 1 inch) removed
toward the bottom of the ingot puller apparatus relative to
the hotzone of Figure 4. The side heater 135 was operated
at 59 kW and the bottom heater was operated at 5 kW (64 kW

total heat input).

[0038] As shown in Figure 6, the melt had
substantially the same desirable temperature profile as the
hotzone of Figure 4 (which is shown in Figure 5) but the
ingot puller apparatus was operated with 44 kW less power

input (i.e., 41% less).

[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 variation.
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[0040] When introducing elements of the
present disclosure or the embodiment (g) 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
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 producing a

silicon ingot comprising:

a crucible for holding a melt of silicon, the
crucible having a floor and a sidewall that extends from

the floor;

a growth chamber for pulling a silicon ingot from

the melt along a pull axis;

a lift mechanism for raising and lowering the
crucible during crystal growth relative to the pull axis,
the crucible moving axially between a lowest position in
which a charge of silicon is melted to produce the silicon
melt, a seed-dip position at which a seed crystal is
initially contacted with the melt to pull the silicon ingot
from the melt, and a terminal position in which the

crucible has been depleted of melt;

a side heater disposed radially outward to the
crucible sidewall as the crucible travels from the lowest

position to the terminal position;

a bottom heater disposed below the crucible

floor; and

a heat shield disposed directly below the side

heater.

2. The ingot puller apparatus as set forth in
claim 1 wherein the side heater is fully above the floor of

the crucible when the crucible is in the lowest position.

3. The ingot puller apparatus as set forth in

claim 1 or claim 2 wherein at least a portion of the heat
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shield is above a bottom of the crucible when the crucible

is in the lowest position.

4. The ingot puller apparatus as set forth in
any one of claims 1 to 3 wherein at least a portion of the
heat shield is below at least a portion of the floor of the

crucible when the crucible is in the lowest position.

5. The ingot puller apparatus as set forth in
any one of claims 1 to 4 wherein the heat shield is fully
below the floor of the crucible when the crucible is in the

terminal position.

6. The ingot puller apparatus as set forth in
any one of claims 1 to 5 wherein the side heater has a
length of 5C¢ mm or less, 450 mm or less, 400 o or less,

or 350 mm or l=28s.

7. The ingot puller apparatus as set forth in
any one of claims 1 to 6 wherein the heat shield has a
length relative to the pull axis that is greater than a

thickness of the heat shield.

8. The ingot puller apparatus as set forth in
any one of claims 1 to 7 wherein at least a portion of the
side heater is laterally aligned with the sidewall of the
crucible as the crucible travels between the lowest

position and the terminal position.

9. The ingot puller apparatus as set forth in
any one of claims 1 to 8 wherein the side heater and the

heat shield are separated by a gap.

10. The ingot puller apparatus as set forth in

any one of claims 1 to 9 wherein the side heater is
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separated from the heat shield by no more than about 50 mm,
no more than 40 mm, or wherein the side heater is not

separated from the heat shield by a gap.

11. The ingot puller apparatus as set forth in
any one of claims 1 to 10 further comprising a susceptor
that supports the crucible, the heat shield being fully
below the susceptor when the crucible is in the terminal

position.

12. The ingot puller apparatus as set forth in
any one of claims 1 to 11 wherein a distance between a
bottom of the crucible and a bottom of the side heater is
at least about 25 mm when the crucible is in the lowest

position.

13. The ingot puller apparatus as set forth in
any one of claims 1 to 11 wherein the side heater has a
thickness and the heat shield has a thickness, the
thickness of the heat shield being at least the thickness
of the side heater or being at least 1.1 times the
thicknesas of the gide heater, at least 1.25 times the
thickneszs of the side heater, at
thicknesz of the zide heater, or from 1.0 to 2.0 times the

thickness of the zide heater.

14. The ingot puller apparatus as set forth in
claim 13 wherein, a first portion of the heat shield is
radially inwsrd to the side heater and a second portion of

the heat sghield is radially outward to the gide heater.

15. A method for preparing an ingot in an ingot
puller apparatus comprising a crucible having a floor and

sidewall extending from the floor, a side heater disposed
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radially outward to the crucible sidewall, and a heat
shield disposed directly below the side heater, the method

comprising:

forming a melt of silicon in the crucible when
the crucible is in a lowest position, the side heater being
fully above the floor of the crucible when the crucible is

in the lowest position;
contacting the melt with a seed crystal;
withdrawing an ingot from the silicon melt; and

raising the crucible as the ingot is withdrawn
from the silicon melt, the crucible being in a terminal

position when the ingot is separated from the melt.

16. The method as set forth in claim 15 wherein

the heat shield ig disposed directly below the side heater.

17. The method as set forth in claim 15 or claim
16 wherein at least a portion of the heat shield is above a
bottom of the crucible when the crucible is in the lowest

position.

18. The method as set forth in any one of claims
15 to 17 wherein at least a portion of the heat shield is
below at least a portion of the floor of the crucible when

the crucible is in the lowest position.

19. The method as set forth in any one of claims
15 to 18 wherein the heat shield is fully below the floor
of the crucible when the crucible is raised to the terminal

position.



WO 2022/103391 PCT/US2020/060097

19

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

15 to 19 wherein the side heater has a length of 500 mm ox

~

lesas, 450 mm or less, 400 mm or less, or 330 mm or less.



