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INGOT PULLER APPARATUS HAVING DOPANT FEEDERS
FOR ADDING A PLURALITY OF DOPANT BATCHES

CROSS-REFERENCE TO RELATED APPLICATION

[0001] This application claims priority to
U.S. Non-provisional Patent Application No. 18/323,770,
filed 25 May 2023 and U.S. Non-provisional Patent
Application No. 18/323,775, filed 25 May 2023. Both
applications are incorporated herein by reference in their

entirety.

TECHNICAL FIELD

[0002] The field of the disclosure relates to
ingot puller apparatus for producing single crystal silicon
ingots having dopant feeders for adding a plurality of

batches of dopant to the silicon melt.

BACKGROUND

[0003] End-users of single crystal silicon
wafers increasingly desire silicon wafers with a narrow
range of resistivity. Silicon wafers are typically sliced
from single crystal silicon ingots grown using the
Czochralski (Cz) method. The electrical properties, such as
resistivity, of silicon wafers are built with different
dopants (e.g., boron). In the Cz crystal process, solid-
phase silicon is melted to the liquid state. Dopants are
added to the silicon to achieve a target resistivity range.
As liquid silicon continues to solidify in the single-
crystal silicon ingot, the net dopant concentration in the
liquid silicon decreases which can cause the resistivity to

fall out of customer specifications.
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[0004] Counter-doping is used in various solar
and semiconductor applications to increase throughput and
prime yield of the single crystal silicon ingot. For
example, N-type IGBT applications may involve counter-
doping with P-type dopants to achieve relatively tight

resistivity tolerances (e.g., <+/- 13% range or less).

[0005] A need exists for apparatus to add
multiple batches of dopant to the silicon melt during ingot
growth in doping or counter-doping applications to maintain

the resistivity of the silicon ingot in the target range.

[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 producing a doped
single crystal silicon ingot. The ingot puller apparatus
includes an ingot puller outer housing. An ingot puller
inner chamber is formed within the ingot puller outer
housing. A crucible is disposed within the ingot puller
inner chamber. The apparatus includes a dopant feeder for
adding dopant to the crucible. The dopant feeder includes a
first dopant receptacle for holding a first batch of

dopant, a second dopant receptacle for holding a second
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batch of dopant, and a rotation mechanism for rotating the
first dopant receptacle to release the first batch of
dopant into the crucible and for rotating the second dopant
receptacle to release the second batch of dopant into the
crucible. A tube is disposed below the dopant feeder for
transporting the first and second batches of dopant to the

crucible.

[0008] Another aspect of the present
disclosure is directed a method for producing a single
crystal silicon ingot from a silicon melt held within a
crucible. Solid-state silicon is added to the crucible. The
crucible is disposed within an ingot puller inner chamber.
The polycrystalline silicon is heated to cause a silicon
melt to form in the crucible. A single crystal silicon
ingot is pulled from the silicon melt. A rotation mechanism
is operated to rotate a first dopant receptacle to release
a first batch of dopant from the first dopant receptacle
and cause the first batch of dopant to enter the silicon
melt while pulling the single crystal silicon ingot from
the silicon melt. The rotation mechanism is operated to
rotate a second dopant receptacle to release a second batch
of dopant from the second dopant receptacle and cause the
second batch of dopant to enter the silicon melt while
pulling the single crystal silicon ingot from the silicon
melt and after the first batch of dopant is released from

the first dopant receptacle.

[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
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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] Figure 1 is a cross-section of an ingot

puller apparatus having a dopant feed system;

[0011] Figure 2 is a detailed cross-section of

the ingot puller apparatus and dopant feed system;

[0012] Figure 3 is a perspective view of a
dopant feeder that includes a dopant cup and two dopant

receptacles disposed therein;

[0013] Figure 4 is a cross-section view of the

dopant feeder in an initial position;

[0014] Figure 5 is a cross-section view of the

dopant feeder rotated 90° from the position of Figure 4;

[0015] Figure 6 is a cross-section view of the

dopant feeder rotated 90° from the position of Figure 5;

[0016] Figure 7 is a perspective view of
another embodiment of a dopant feeder that includes a

dopant cup and three dopant receptacles disposed therein;

[0017] Figure 8 is a cross-section view of the

dopant feeder of Figure 7 in an initial position;

[0018] Figure 9 is a cross-section view of the

dopant feeder rotated 90° from the position of Figure 8§;
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[0019] Figure 10 is a cross-section view of
the dopant feeder rotated 90° from the position of Figure

9;

[0020] Figure 11 is a cross-section view of
the dopant feeder rotated 90° from the position of Figure
10;

[0021] Figure 12 is a cross-section view of
another embodiment of a dopant feeder that includes a
dopant cup and four dopant receptacles disposed therein in

an initial position;

[0022] Figure 13 is a cross-section view of
the dopant feeder rotated 90° from the position of Figure
12;

[0023] Figure 14 is a cross-section view of
the dopant feeder rotated 90° from the position of Figure
13;

[0024] Figure 15 is a cross-section view of
the dopant feeder rotated 65° from the position of Figure
14;

[0025] Figure 16 is a cross-section view of
the dopant feeder rotated back to the position of Figure
14;

[0026] Figure 17 is a perspective view of the
dopant feed system having a dopant feeder with the dopant

cup eliminate;

[0027] Figure 18 is a side view of the dopant
feeder of Figure 17;
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[0028]

Figure 19 is a cross-section
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view of

another embodiment of a dopant feeder that includes a

dopant cup having slats which define dopant receptacles;

the
19;

the
20;

the
21;

the
22;

the
23;

the
24;

the
25;

the
26;

[0029]
dopant feeder
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[0035]
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Figure 20 is a cross-section

rotated 180° from the position

Figure 21 is a cross-section

rotated 180° from the position

Figure 22 is a cross-section

rotated 180° from the position

Figure 23 is a cross-section

rotated 180° from the position
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[0037] Figure 28 is a perspective view of
another embodiment of a dopant feeder that includes a
dopant cup having a serpentine tube which defines dopant

receptacles;

[0038] Figure 29 is a perspective view of the

dopant feeder rotated 180° from the position of Figure 28;

[0039] Figure 30 is a perspective view of the

dopant feeder rotated 180° from the position of Figure 29;

[0040] Figure 31 is a cross-section view of
another embodiment of a dopant feeder with a dopant cup
having a serpentine tube offset from the tube shown in

Figures 28-30;

[0041] Figure 32 is a perspective view of two
embodiments of a dopant feeder having a dopant cup

separated into dopant receptacles by partitions;

[0042] Figure 33 is a rotation mechanism
having stops for limiting rotation of the rotation

mechanism to control addition of dopant batches; and

[0043] Figure 34 is a graph of ingot
resistivity over body length with addition of counter-

dopant by the dopant feeder shown in Figures 3-6.

[0044] Corresponding reference characters

indicate corresponding parts throughout the drawings.

DETAILED DESCRIPTION

[0045] Provisions of the present disclosure
relate to dopant feeders for adding dopant to a silicon

melt held within a crucible of an ingot puller apparatus.
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An example ingot puller apparatus 100 in which the dopant
feeders of the present disclosure may be used is shown in
Figure 1. The ingot puller apparatus 100 includes an ingot
puller outer housing 116 that defines an ingot puller inner
chamber 102 within the housing 116. A crucible 104 is
disposed within the ingot puller inner chamber 102. The
crucible 104 contains the silicon melt 108 from which the
silicon ingot 112 is pulled. The ingot 112 is shrouded by a
heat shield 120.

[0046] The ingot puller apparatus 100 includes
a dopant feed system 132. The dopant feed system 132
includes a dopant feeder 164 and dopant tube 130 that
extends through the housing 116 (and in some instances
through a reflector) for adding solid-phase dopant to the
crucible 104. Solid-phase dopant passes through the dopant
tube 130 (and may at least partially sublime during
transport) to contact the melt 108 to cause the melt 108 to
be doped. The dopant tube 130 includes an inlet 122
disposed exterior to the ingot puller inner chamber 102 and
an outlet 126 disposed in the ingot puller inner chamber
102 and positioned relatively near the surface of the melt

108.

[0047] The dopant feeder 164 is disposed
exterior to the ingot puller inner chamber 102. The dopant
feeder 164 includes a dopant feeder housing 135 and one or
more dopant receptacles (discussed further below) disposed
within the housing 135 for adding solid-phase dopant to the
melt 108. The dopant feed system 132 may include an
isolation valve (not shown) below the dopant feeder 164 to
allow the dopant feeder 164 to be isolated and to return to

atmospheric pressure to allow dopant to be added to the
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dopant feeder. The dopant feeder housing 135 is external to

the ingot puller outer housing 116.

[0048] Referring now to Figure 3, in the
illustrated embodiment, a plurality of dopant receptacles
are disposed in a dopant cup 137. While the receptacles
described herein (first, second, third, fourth, fifth
receptacles, etc.) may be shown and described as being
disposed in a dopant cup 137, in other embodiments, the
receptacles are not disposed in a cup (e.g., not disposed
in any further container or disposed or a container other
than a cup). The dopant cup and receptacles of the various
embodiments described herein may be made of quartz or any
material suitable for use in the environment of an ingot

puller apparatus.

[0049] The cup 137 includes a sidewall 115,
floor 119, first opening 121, and second opening 124. The
first opening 121 is formed in the sidewall 115. The second
opening 124 is opposite the floor 119 and has a diameter
equal to the diameter of the sidewall 115. In other
embodiments, a smaller second opening may be used (i.e., in
embodiments in which the cup 137 includes a cover opposite

the floor 119).

[0050] Referring now to Figure 4, a first
dopant receptacle 129 and second dopant receptacle 131 are
disposed in the cup 137. In the illustrated embodiment, the
first and second dopant receptacle 129, 131 are tubes. The
first dopant receptacle 129 includes one or more sidewalls
143, floor 148 and second dopant receptacle inner chamber
140. The first dopant receptacle 129 has an outlet 146 that
is aligned with the first opening 121 of the dopant cup

137. The second dopant receptacle 131 includes one or more
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sidewalls 133 and has a floor 141 (which is the sidewall
143 of the first dopant receptacle) which define a second
receptacle inner chamber 139. The second dopant receptacle
131 has an outlet 138 that is aligned with the second cup
opening 124. The first dopant receptacle 129 holds a first
batch of dopant 147 and the second dopant receptacle 131
holds a second batch of dopant 149.

[0051] The dopant feeder 164 includes a
rotation mechanism 150 (Figure 2). The rotation mechanism
159 includes a handle 152. The handle 152 includes a knob
179 (Figure 33) that is biased with a spring pin (not
shown) for an operator to rotate the first and second
dopant receptacles 129, 131. A shaft 154 connects the
handle 152 to a clamp 156. The shaft 154 extends through
bearings 155 to enable the shaft 154 to rotate. The
rotation mechanism may include a vacuum seal (e.g.,
magnetic coupling of the handle 152 to the shaft 154). The
clamp 156 is releasably connected to a flange 123 of the
dopant cup 137 (i.e., to remove the cup from the dopant

feeder to load new batches of dopant).

[0052] As described further below, upon
activation of the rotation mechanism 150 (e.g., by turning
handle 152) the first and second dopant receptacles 129,
131 rotate to release the first and second batches of
dopant 147, 149 into the crucible 104. The dopant feeder
164 includes a funnel 157 (Figure 2) disposed below the
dopant cup 137 and first and second dopant receptacles 129,
131 for collecting the first and second dopant batches 147,
149. The funnel 157 is connected to the dopant tube 130.

[0053] In the position of Figure 4, first and
second dopant batches 147, 149 are disposed within their
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respective receptacles 129, 131. The rotation mechanism 150
is actuated to rotate the dopant cup 137 and receptacles
129, 131 clockwise 90° (Figure 5) such that the first batch
of dopant 147 falls through the first dopant receptacle 129
and through the receptacle outlet 146 and the first dopant
receptacle opening 121. The batch of first dopant 147 falls
into the funnel 157 (Figure 2) and into the dopant tube 130
disposed below the dopant feeder 164 and falls to the
crucible 104. The second batch of dopant 149 remains in the

first dopant receptacle 131.

[0054] The rotation mechanism 150 is actuated
again to rotate the dopant cup 137 and receptacles 129, 131
clockwise another 90° (Figure 6) to cause the second batch
of dopant 149 to fall through the second dopant receptacle
131 and through the receptacle outlet 138 and the second
dopant receptacle opening 124. The batch of second dopant
149 falls into the funnel 157 (Figure 2) and into the
dopant tube 130 to transport the second batch of dopant 149
to the crucible 104.

[0055] It should be noted that the respective
dopant batches may be released from the respective
receptacles (in any of the embodiments described herein)
before a full turn of the receptacle (i.e., before 90°,
180° and 270°), depending on how the receptacle is angled
and the fluid/flow properties of the dopant.

[0056] Another embodiment of the dopant feeder
264 is shown in Figures 7-11. The components shown in
Figures 7-11 that are analogous to those of Figures 3-6 are
designated by the corresponding reference number of Figures
3-6 plus “100” (e.g., part 123 becomes 223). In addition to
first and second dopant receptacles 229, 231, the dopant
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feeder 264 includes a third dopant receptacle 259. The
third dopant receptacle 259 includes one or more sidewalls
261 and has a floor 263 (which is the sidewall of the first
dopant receptacle 229) which define a second dopant
receptacle inner chamber 265. The third receptacle 259 has
an outlet 266 that is aligned with a third cup opening 268.
In the illustrated embodiment, the third receptable 259 is

L-shaped.

[0057] The third dopant receptacle 259 holds a
third batch of dopant 270. Once the dopant mechanism 250 is
rotated through the points at which the first dopant batch
247 is discharged (Figure 9) and the second dopant batch
249 is discharged (Figure 10) and as it approaches the
position shown in Figure 11, the third dopant batch 270 is
discharged through the outlet 266 and third cup opening
268.

[0058] Another embodiment of the dopant feeder
is shown in Figures 12-16. The components shown in Figures
12-16 that are analogous to those of Figures 3-6 are
designated by the corresponding reference number of Figures
3-6 plus “200” (e.g., part 123 becomes 323). In addition to
first, second, and third dopant receptacles 329, 331, 359,
the dopant feeder 364 includes a fourth dopant receptacle
375 (shown with dashed lines for illustration). The fourth
dopant receptacle 375 includes one or more sidewalls 377
and has a first end or floor 379. The fourth dopant
receptacle 375 includes a fourth dopant receptacle inner
chamber 381. In the illustrated embodiment, the fourth
receptacle 375 extends through the second opening 324 of
the cup 337. In other embodiments, the fourth receptacle
375 is within the profile of the sidewall 315. The fourth
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receptacle 375 includes a fourth receptacle outlet 384. The
fourth receptacle 375 includes three sections - a first
section 390, second section 392, and third section 394. The
second section 392 is disposed between the first and third
sections 390, 394 and is angled relative to the first

section 390 and the third section 394.

[0059] The fourth dopant receptacle 375 holds
a fourth batch of dopant 397. Once the dopant mechanism is
rotated through the points at which the first dopant batch
347 is discharged (Figure 13), the second dopant batch 349
is discharged (Figure 14), and the third batch of dopant
370 is discharged (Figure 15), the dopant feeder is then
reversed back to the position shown in Figure 16
(corresponding to the position of Figure 14) to discharge
the fourth dopant batch 397 through the fourth receptacle
outlet 384.

[0060] In some embodiments and as shown in
Figures 17-18, the dopant cup may be eliminated. The
components shown in Figures 17-18 that are analogous to
those of Figures 3-6 are designated by the corresponding
reference number of Figures 3-6 plus “300” (e.g., part 123
becomes 423). The dopant feeder 464 includes first, second,
and third dopant receptacles 429, 431, 459. The receptacles
429, 431, 459 are connected to a disk 453. The disk 453 is
angled by use of a spacer 455 disposed between the disk
453. The disk 453 is connected to the clamp 456 for

rotation by the rotation mechanism 450.

[0061] Referring now to Figures 19-27, the
dopant feeder 564 includes a plurality of slats 501, 503,
505, 506, 507, 509, 510 disposed in a dopant cup 537. The

components shown in Figures 19-27 that are analogous to
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those of Figures 3-6 are designated by the corresponding
reference number of Figures 3-6 plus “400” (e.g., part 123
becomes 523). The illustrated embodiment of the feeder 564
includes 7 slats. Other embodiments may include more or
less slats such as 2, 3, 4, 5, 6 or 8 or more slats.
Adjacent slats may form dopant receptacles that hold dopant
as the cup 537 rotates. For example, the first slat 501 and
the third slat 505 form a first dopant receptacle 529. The
second slat 503 and the fourth slat 505 form a second
dopant receptacle 531. The third slat 505 and the fifth
slat 507 form a third dopant receptacle 559. The fourth
slat 506 and the sixth slat 509 form a fourth dopant
receptacle 575. The fifth slat 507, seventh slat 510 and
dopant cup floor 519 form a fifth dopant receptacle 581.
The sixth slat 509, seventh slat 510 and dopant cup floor

519 form a sixth dopant receptacle 585.

[0062] In its initial loaded state, the dopant
cup 537 includes a first batch of dopant 547 in the first
dopant receptacle 529, a second batch of dopant 549 in the
third dopant receptacle 559, a third batch of dopant 570 in
the fifth dopant receptacle 581, and a fourth batch of
dopant 597 in the sixth dopant receptacle 585. As the
dopant cup 537 rotates clockwise, the first batch of dopant
547 is released from the cup 537 (Figure 20) through the
opening 521. The second batch of dopant 549 moves from the
third dopant receptacle 559 to the second dopant receptacle
531. The third batch of dopant 570 moves from the fifth
dopant receptacle 581 to the fourth dopant receptacle 575.
The fourth batch of dopant 597 changes its position within
the sixth dopant receptacle 585 during this first stage of

rotation.
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[0063] Upon counter-clockwise rotation of the
cup 537 to its initial position (Figure 21), the second
batch of dopant 549 moves from the second dopant receptacle
531 to the first dopant receptacle 529. The third batch of
dopant 570 moves from the fourth dopant receptacle 575 to
the third dopant receptacle 559. The fourth batch of dopant
597 moves from the sixth dopant receptacle 585 to the fifth
dopant receptacle 581.

[0064] As the dopant cup 537 is rotated back
clockwise, the batch of second dopant 549 is released from
the cup 537 (Figure 22) through the opening 521. The third
batch of dopant 570 moves to the second dopant receptacle
531 and the fourth batch 597 moves to the forth dopant
receptacle 575. As the dopant cup 537 rotates counter-
clockwise to its initial position (Figure 23), the third
batch of dopant 570 moves to the first dopant receptacle
529 and the fourth batch 597 moves to the third dopant
receptacle 559.

[0065] The dopant cup 537 may be rotated
clockwise a third time (Figure 24) to release the batch of
third dopant 570 and to move the fourth batch of dopant 597
to the second dopant receptacle 531. As the dopant cup
rotates counter-clockwise back to its initial position
(Figure 25), the batch of fourth dopant 597 moves to the
first dopant receptacle 529. Upon rotation of the dopant
cup clockwise for a fourth time, the fourth dopant batch

597 is released from the cup (Figure 26).

[0066] Another embodiment of the dopant feeder
664 1s shown in Figures 28-30. The components shown in
Figures 28-30 that are analogous to those of Figures 3-6

are designated by the corresponding reference number of
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Figures 3-6 plus “500” (e.g., part 123 becomes 623). The
dopant feeder 664 includes a serpentine tube 625 that has a
plurality of turns (i.e., parallel tube sections which may
also be referred to as “dopant receptacles”) for holding
and moving dopant. In the illustrated embodiment, the
dopant feeder 664 includes a first dopant receptacle 629,
second dopant receptacle 631, third dopant receptacle 659,
fourth dopant receptacle 675, fifth dopant receptacle 681,
sixth dopant receptacle 685, and seventh dopant receptacle
686. First, second, third and fourth batches of dopant 647,
649, 670, 697 are disposed at the bottom of the tube 625
between respective tube sections. As the dopant cup 637
rotates 180°, the batch of first dopant 647 is discharged
through the outlet 646 of the first dopant receptacle 629
and through the dopant cup opening 621. During rotation,
the second, third and fourth batches 649, 670, 697 move to
the next respective receptacle. Rotation continues until
the remaining batches 649, 670, 697 are discharged through
the outlet 646 and from the dopant cup 637.

[0067] Another embodiment of the dopant feeder
764 is shown in Figure 31. The dopant feeder 764 1is
corresponds to the dopant feeder shown in Figures 28-30
with the serpentine tube 725 being offset from the position
of the tube 625 shown in Figures 28-30 (i.e., rotated).

[0068] Another embodiment of the dopant feeder
864 is shown in Figure 32. The components shown in Figure
32 that are analogous to those of Figures 3-6 are
designated by the corresponding reference number of Figures
3-6 plus “700” (e.g., part 123 becomes 823). The dopant cup
837 includes one or more partitions 801, 803 that divide

the cup 837 into a plurality of cup sections or “dopant
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receptacles” 829, 831. The dopant cup 637 may include
projections 805 (upper row embodiment) and/or ridges 807
(one in the upper row embodiment and two in the bottom row

embodiment) that limit release of the dopant batches.

[0069] To dope the silicon melt by use of one
of the dopant feeders described herein, the rotation
mechanism is actuated to rotate the first dopant receptacle
to release the first batch of dopant from the first dopant
receptacle to cause the first batch of dopant to enter the
silicon melt while pulling the single crystal silicon ingot
from the silicon melt. After the first batch of dopant is
released from the first dopant receptacle, the rotation
mechanism is operated to rotate the second dopant
receptacle to release the second batch of dopant from the
second dopant receptacle and cause the second batch of
dopant to enter the silicon melt while pulling the single
crystal silicon ingot from the silicon melt. Depending on
the number of batches loaded in the dopant feeder and its
configuration (e.g., number of dopant receptacles), the
rotation mechanism may be rotated further to add additional
batches to the melt during ingot growth. In this respect,
the rotation mechanism may include one or more stops 181
(Figure 33) which limit rotation to ensure only a single
batch is added during operation of the rotation mechanism.
The stops may be pushed away to allow the next batch of
dopant to be added. In some embodiments, the rotation

mechanism may be arranged to prevent reverse rotation.

[0070] In some embodiments, the silicon melt
is initially doped with a dopant of a first type (e.g., P-
type of N-type). This initial dopant may be added by use of

the dopant feeder of the present disclosure or by other
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methods. The batches of dopant added from the dopant
receptacles of the dopant feeder during ingot growth may be
of a second type that is opposite the first type to

(i.e.,

counter-dope the melt when the initial dopant is P-

type, the batches of dopant in the dopant receptacles of
the dopant feeder are N-type and when the initial dopant is
N-type, the batches of dopant in the dopant receptacles of

the dopant feeder are P-type).

EXAMPLES

[0071] 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:
Receptacles

[0072]

Use of Dopant Cup having First and Second Dopant

A dopant cup having first and second
dopant receptacles as shown in Figures 3-6 was used to

counter-dope with boron during ingot growth. The two-time
counter-doping process is shown in Figure 34. Resistivity
(open circle slug data) matched the theoretical prediction
(solid line). Counter-doping resulted in a 25% increase in

prime length, prime yield, and prime throughput (i.e., the

amount of the ingot within the resistivity specification)

relative to the process of record (POR) as shown in Table 1
below.
Prime
# of counter Prime crystal Throughput
Condition | doping events Length gain gain Prime Yield gain
Process
of Record 1 1 1 1
New 2 1.25 1.25 1.251

Table 1: Increase in Prime Yield by Two-Step Boron Counter-

Doping
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[0073] As used herein, the terms “about,”

12

“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.

[0074] When introducing elements of the

present disclosure or the embodiment (s) thereof, the

" "o

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

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

v ”

"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 reguire any particular orientation of the item

described.

[0075] 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.



WO 2024/243386 PCT/US2024/030717

20

WHAT IS CLAIMED IS:

1. An ingot puller apparatus for producing a
doped single crystal silicon ingot, the ingot puller

apparatus comprising:
an ingot puller outer housing;

an ingot puller inner chamber formed within the

ingot puller outer housing;

a crucible disposed within the ingot puller inner

chamber;

a dopant feeder for adding dopant to the

crucible, the dopant feeder comprising;

a first dopant receptacle for holding a
first batch of dopant;

a second dopant receptacle for holding a

second batch of dopant; and

a rotation mechanism for rotating the first
dopant receptacle to release the first batch of dopant
into the crucible and for rotating the second dopant
receptacle to release the second batch of dopant into

the crucible; and

a tube disposed below the dopant feeder for
transporting the first and second batches of dopant to the

crucible.

2. The ingot puller apparatus as set forth in
claim 1 wherein the first dopant receptacle is a tube and

the second dopant receptacle is a tube.

3. The ingot puller apparatus as set forth in

claim 1 wherein the dopant feeder comprises a plurality of
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slats, wherein two adjacent slats form the first dopant
receptacle and two adjacent slats form the second dopant

receptacle.

4. The ingot puller apparatus as set forth in
claim 1 wherein the dopant feeder comprises a serpentine
tube comprising a plurality of turns, the first dopant
receptacle being a first turn of the serpentine tube and
the second dopant receptacle being a second turn of the

serpentine tube.

5. The ingot puller apparatus as set forth in
claim 1 wherein the dopant feeder comprises a cup, the cup
having one or more partitions that divide the cup into a
plurality of cup sections, the first dopant receptacle
being a first cup section and the second dopant receptacle

being a second cup section.

6. The ingot puller apparatus as set forth in
any one of claims 1 to 5 wherein the dopant feeder
comprises a third dopant receptacle for holding a third
batch of dopant, the rotation mechanism being configured to
rotate the third dopant receptacle to release the third

batch of dopant into the crucible.

7. The ingot puller apparatus as set forth in
claim 6 wherein the dopant feeder comprises a fourth dopant
receptacle for holding a fourth batch of dopant, the
rotation mechanism being configured to rotate the fourth
dopant receptacle to release the fourth batch of dopant

into the crucible.

8. The ingot puller apparatus as set forth in

any one of claims 1 to 7 wherein the dopant feeder
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comprises a dopant feeder housing, the first dopant
receptacle and second dopant receptacle being disposed

within the dopant feeder housing.

9. The ingot puller apparatus as set forth in
claim 8 wherein the dopant feeder housing is external to

the ingot puller outer housing.

10. The ingot puller apparatus as set forth in
any one of claims 1 to 9 wherein the rotation mechanism
comprises a handle for an operator to rotate the first and

second dopant receptacles.

11. The ingot puller apparatus as set forth in
any one of claims 1 to 10 wherein the rotation mechanism
comprises a shaft and one or more bearings through which

the shaft extends that enable the shaft to rotate.

12. The ingot puller apparatus as set forth in
any one of claims 1 to 11 wherein the dopant feeder
comprises a funnel that is disposed below the first and
second dopant receptacles for collecting the first and
second batches of dopant, the funnel being connected to the

tube.

13. The ingot puller apparatus as set forth in
any one of claims 1 to 12 wherein the first and second

dopant receptacles are disposed within a dopant cup.

14. The ingot puller apparatus as set forth in
any one of claims 1 to 12 wherein the first and second

dopant receptacles are not disposed within a dopant cup.
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15. A method for producing a single crystal
silicon ingot from a silicon melt held within a crucible,

the method comprising:

adding solid-state silicon to the crucible, the
crucible being disposed within an ingot puller inner

chamber;

heating the solid-state silicon to cause a

silicon melt to form in the crucible;

pulling a single crystal silicon ingot from the

silicon melt;

operating a rotation mechanism to rotate a first
dopant receptacle to release a first batch of dopant from
the first dopant receptacle and cause the first batch of
dopant to enter the silicon melt while pulling the single

crystal silicon ingot from the silicon melt; and

operating the rotation mechanism to rotate a
second dopant receptacle to release a second batch of
dopant from the second dopant receptacle and cause the
second batch of dopant to enter the silicon melt while
pulling the single crystal silicon ingot from the silicon
melt and after the first batch of dopant is released from

the first dopant receptacle.

16. The method as set forth in claim 15 further
comprising adding a dopant of a first type to the crucible
before pulling the single crystal silicon ingot from the
silicon melt, the first type being p-type or n-type,
wherein the dopant released from the first dopant
receptacle and the dopant released from the second dopant
receptacle are each a second type that is opposite that of

the first type.



WO 2024/243386 PCT/US2024/030717

24

17. The method as set forth in claim 15 or claim
16 wherein the rotation mechanism, first dopant receptacle,
and second dopant receptacle are part of a dopant feeder

for adding dopant to the crucible.

18. The method as set forth in claim 17 wherein
the first dopant receptacle is a tube and the second dopant

receptacle is a tube.

19. The method as set forth in claim 17 wherein
the dopant feeder comprises a plurality of slats, wherein
two adjacent slats form the first dopant receptacle and two

adjacent slats form the second dopant receptacle.

20. The method as set forth in claim 17 wherein
the dopant feeder comprises a serpentine tube comprising a
plurality of turns, the first dopant receptacle being a
first turn of the serpentine tube and the second dopant

receptacle being a second turn of the serpentine tube.

21. The method as set forth in claim 17 wherein
the dopant feeder comprises a cup, the cup having one or
more partitions that divide the cup into a plurality of cup
sections, the first dopant receptacle being a first cup
section and the second dopant receptacle being a second cup

section.

22. The method as set forth in any one of claims
17 to 21 wherein the dopant feeder comprises a third dopant
receptacle for holding a third batch of dopant, the method
comprising operating the rotation mechanism to rotate the
third dopant receptacle to release the third batch of
dopant from the third dopant receptacle and cause the third
batch of dopant to enter the silicon melt while pulling the
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single crystal silicon ingot from the silicon melt and
after the second batch of dopant is released from the

second dopant receptacle.

23. The method as set forth in claim 22 wherein
the dopant feeder comprises a fourth dopant receptacle for
holding a fourth batch of dopant, the method comprising
operating the rotation mechanism to rotate the fourth
dopant receptacle to release the fourth batch of dopant
from the third dopant receptacle and cause the fourth batch
of dopant to enter the silicon melt while pulling the
single crystal silicon ingot from the silicon melt and
after the third batch of dopant is released from the third

dopant receptacle.

24. The method as set forth in any one of claims
17 to 23 wherein the dopant feeder comprises a dopant
feeder housing, the first dopant receptacle and second
dopant receptacle being disposed within the dopant feeder

housing.

25. The method as set forth in claim 24 wherein
the dopant feeder housing is external to an ingot puller

outer housing.

26. The method as set forth in any one of claims
15 to 25 wherein the rotation mechanism comprises a handle
for an operator to rotate the first and second dopant

receptacles.

27. The method as set forth in any one of claims
15 to 26 wherein the rotation mechanism comprises a shaft
and one or more bearings through which the shaft extends

that enable the shaft to rotate.
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28. The method as set forth in any one of claims
17 to 27 wherein the dopant feeder comprises a funnel that
is disposed below the first and second dopant receptacles,
the funnel being connected to a dopant tube, wherein the
first batch of dopant falls through the funnel upon being
released from the first dopant receptacle and the second
batch of dopant falls through the funnel upon being

released from the second dopant receptacle.

29. The method as set forth in any one of claims
15 to 28 wherein the first and second dopant receptacles

are disposed within a dopant cup.

30. The method as set forth in any one of claims
15 to 28 wherein the first and second dopant receptacles

are not disposed within a dopant cup.



