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is incorporated by reference herein in its entirety.

FIELD OF THE INVENTION

[0002] The invention generally relates to ribbon crystal pulling furnaces and,
more particularly, the invention relates to removable insulation within ribbon crystal

pulling furnaces.

BACKGROUND OF THE INVENTION

[0003] Silicon wafers are the building blocks of a wide variety of semiconductor
devices, such as solar cells, integrated circuits, and MEMS devices. For example,
Evergreen Solar, Inc. of Marlboro, Massachusetts forms solar cells from silicon wafers

fabricated by means of the well known "ribbon pulling” technique.



the furnace is typically forned froma solid,
insulating material. Over tine, this insulating
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way, e.g., pieces of the material flaking off and
falling into the nelt. Unfogtunately, this insulating
material is typically expenSive to replace and may
cause undue downtine to repair or replace. SUWARY OF
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The furnace may al so include a crucible and at |east a

grtion of the liner jnsulation nmay be positioned
SU@M%E@%‘PEWEH@‘@ @I\Ie and/ or be positioned beneath

the crucible. The furnace may al so i nclude an
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base insulation. At least a portion of the liner insulation forms an interior for containing
a crucible. Accordingly, the liner insulation may be disposable, while the base insulation
may be reusable (with different liner insulations removably attached).

[0006] In related embodiments, the liner insulation may be graphite or a carbon
foam material. The base insulation may be a ceramic material. The base insulation may
be formed from a material that is chemically and structurally different than that of the
liner insulation. Alternatively, the base insulation may be formed from the same or
similar material as the liner insulation. The furnace may also include a crucible and at
least a portion of the liner insulation may be positioned adjacent to the crucible and/or be
positioned beneath the crucible. The furnace may also include an afterheater positioned

above the base insulation and the liner insulation. The afterheater may be supported by

the base insulation.
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interior for containing a crucible. In related

enbodi nents, the nethod al so provides a crucible. At

| east a portion of the Ii neg,S i nsul ati on may be

positioned adjacent to and/or beneath the crucible.
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partially cut away view of the ribbon crystal
holes. The furnace also has a base insulation with a first removably connected liner. The
method also adds molten material to the crucible and passes string through the string
holes and the molten material to grow a ribbon crystal. In related embodiments, the

method also removes the first liner and removably connects a second liner to the base

insulation.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] Those skilled in the art should more fully appreciate advantages of various
embodiments of the invention from the following “Description of Illustrative
Embodiments,” discussed with reference to the drawings summarized immediately
below.

[0010] FIG. 1 schematically shows a silicon ribbon crystal growth furnace that
may implement illustrative embodiments of the invention;

[0011] FIG. 2 schematically shows a partially cut away view of the ribbon crystal

growth furnace shown in FIG. 1 with part of the housing removed;



growm h furnace shown in FIG 1 wth part of the

housi ng renoved; [0012] FIG 3 schematically shows a
W@spseti ve cross-sectional view along |ine APECT/BS29D8/066865

FIG 2 with the housing renoved according to

enbodi nents of the present invention; [0013] FIG 4

schematically shows a cross- sectlonal view along |ine

A- Aof FIG 2 with the hoﬂS|ng renoved according to

enbodi nents of the present invention; [0014] FIG 5

schematically shows a perspective view of a ribbon
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afterheater i nsul ation according to enbodi nents of the
investieBent invention; [0016] FIG 7 schematically shows a
side view of the afterheater insulation according to
and06sY] Bobédchrenitically shoespressrectiombntivaongdng A — A of
[0017] FIG 8 schenmatically shows a perspective top

FIGY 2 eMthathe hb@ikaRehoved bddtdifd toddtaibddimedits bR thdlpadseMinvention;
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[0016] FIG. 7 schematically shows a side view of the afterheater insulation
according to another embodiment of the present invention; and

[0017] FIG. 8 schematically shows a perspective top view of the base insulation

and liner insulation without the afterheater insulation.

DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS

[0018] In illustrative embodiments, a ribbon crystal pulling furnace may include a
base insulation that supports a high purity, relatively easily replaceable liner insulation.
The liner insulation is adjacent to a crucible capable of containing molten silicon. The
liner insulation is made of a material that is able to withstand relatively high
temperatures. When necessary, the liner insulation may be replaced, (e.g., due to damage
or contamination) and thus, is removably attached to the base insulation. The liner

insulation is removable connected since it can be easily removed without substantially



or contam nation) and thus, is renovably attached to

the base insulation. The liner insulation is renovable
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substanti al | yand permanently altering the overal

structure of the base insulation. Accordingly, during

antici pated use, renoval of _the liner insulation

shoul d not substantially daﬁage t he base insul ation.

Details of illustrative enbodi nents are di scussed

bel ow. [0019] FIG 1 schematically shows a silicon
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The ribbon crystals 16 may be single crystalline, polycrystalline, or multi-crystalline
silicon. A feed inlet 18 in the housing 12 provides a means for directing silicon feedstock
into the interior of the housing 12 to the crucible 14, while one or more optional windows
20 permit inspection of the interior and its components.

[0020] It should be noted that discussion of the silicon ribbon crystals 16 is
illustrative and not intended to limit all embodiments of the invention. For example, the
ribbon crystals 16 may be formed from other materials, or a combination of silicon and
some other material.

[0021] FIG. 2 schematically shows a partially cut away view of the furnace 10

shown in FIG. 1 with a part of the housing 12 removed. This view shows, among other



some other material. [0021] FIG 2 schematically shows

a partially cut away view of the furnace 10 shown in
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vi ew shows, anong ot herthings, the above noted

cruci ble 14, which has a substantially flat top

surface that may support or _contain a nolten material.

Thi s embodi nent of the crucPble 14 has an el ongat ed

shape with a region for growing ribbon crystals 16 in

a side-by-side arrangenent along its I ength. [0022]
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t hrough which the growi ng ribbon crystals 16 pass.
arrapggoerdialoglgyts l¢dpth.i nteri or of the furnace 10 includes a

base insulation 24 and a liner insulation 26 that
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insulation 24 and liner-insulation 26 (fromth
erspective of .the.draw ngs). The afterheatey, 28

the YR BEL AP Bl ik ST LRk TS Pt BolFRY pociCerystal. Both
perm tting the grow ng ribbon crystal 16 to cool It
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disclibde®in Ao detéil 5ABEMah FRinhde ARPMWCRIIPEISHREhIAYE 28 positioned
cross-sectional view and

above the base insulation 24 and liner insulation 26 (from the perspective of the
drawings). The afterheater 28 provides a controlled thermal environment for permitting
the growing ribbon crystal 16 to cool as it rises from the crucible 14. The base insulation
24, liner insulation 26, and afterheater 26 may have related but different thermal
requirements and thus, may be made from different materials. Alternative embodiments,
however, may have similar or the same insulation material in the various regions.

[0023] FIGS. 3 and 4 schematically show a perspective cross-sectional view and
cross-sectional view, respectively, along line A — A of FIG. 2 with the housing removed.
As shown in FIGS. 2-4, the afterheater 28 is generally vertically spaced above the base

insulation 24 and the liner insulation 26. The afterheater 28 may be supported by one or

both of the base insulation 24 and the liner insulation 26, e.g., by posts (not shown). In



cross-sectional view, respectively, along line A- A

of FIG 2 with the housing renoved. As shown in FIGS
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above the base insulation 24 and the |iner insulation

26. The afterheater 28 may be supported by one or both

of the base insulation 24 agd the liner insulation 26,

e.g., by posts (not shown). "I naddition, or

alternatively, the afterheater 28 may be attached or

secured to a top portion 12a of the housing 12. In
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formed by the afterheater 26 generally are different from the thermal requirements in the
region that includes the crucible 14 and molten material.

[0025] In illustrative embodiments, the afterheater 28 has one or more openings
32 for controllably venting heat from the growing ribbon crystals 16 that pass through the
channel 30. FIGS. 6A and 6B show one embodiment of such an afterheater 28. In this
embodiment, the afterheater 28 has a bottom 34 that faces the base insulation 24 and liner
insulation 26, and at least one vertically extending wall 36 having the openings 32.

[0026] In the embodiment shown, the openings 32 are in the form of elongated
slots that each have substantially uniform width. Alternatively, the slots may have

varying widths. In other embodiments, the openings 32 may have different shapes either



enbodi nent, the afterheater 28 has a bottom 34 that

faces the base insulation 24 and liner insulation 26,
w@pesasscbL£ast one vertically extendi ng wal |l 36P¢CEHUB2008/066865

the openings 32. [0026] In the enbodi nent shown, the

openings 32 are in the formof elongated slots that

each have substantially uni formw dth. Alternatively,

the slots nmay have varying W dths. In other

enbodi nents, the openings 32 may have different shapes

ei theruni form or varying, such as round shapes,
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opeﬁilﬂgs # R DR #be geﬁeﬁ@fl DAYSIN to minimize such strains or stresses, and

ensure appropriate ribbon crystal thickness.

[0028] The openings 32 preferably extend completely through the wall 36 of the
afterheater 28. In alternative embodiments, however, the openings 32 simply may be
thinner regions of the afterheater 28. The wall 36 of the afterheater 28 may having
varying thicknesses, such as shown in FIGS. 3 and 5, as well as the openings 32
extending completely through the wall 36.

[0029] The openings 32 illustratively are positioned at specified locations to
control certain characteristics and qualities of the growing ribbon crystals 16. For
example, the crucible 14 may have a plurality of string holes 40 (see FIG. 8) for receiving

string 42. As the string 42 passes through the crucible 14, molten silicon freezes to its



varyi ng thicknesses, such as shown in FIGS. 3 and 5,
as well as the openings 32 extending conpletely
wa boodasess he wal | 36. [ 0029] The openi ngs 32 PCT/US2008/066865
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the growi ng ri bbon crystals_ 16. For exanple, the
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Reducing the temperature in that region should have the effect of increasing the ribbon
crystal thickness in the corresponding area.

[0031] As the string 42 passes through the crucible 14, molten silicon within the
crucible 14 may inadvertently splash onto the liner insulation 26. In addition, the liner
insulation 26 may become damaged or contaminated when an operator manually cleans
the furnace 10. This may cause the insulation 26 to have a different, relatively
unpredictable thermal effect on that region of the furnace 10. Also, during actual use,
portions of the insulation adjacent to the melt may flake off into the crucible 14, thus
mixing with silicon melt as known by those skilled in the art. Accordingly, it is desirable

to ensure that these flakes have no greater than a negligible impact on the chemical

composition of the silicon melt and, ultimately, the growing ribbon crystal.
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illustrative enbodi nents, the base insulation 24 may
MEtpe Grephiekd Iﬂlcofriﬁl&uflféégﬁr@m &l.. | ess expensive materi al
than the liner insulation 26. Since the base

I 40033 iTanllB6ratisc aepadimbed, the bmctihaildtiopl24t reapler fokmed from a
nolten material by the liner insulation 26, the base
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atli on nmate

base insulation material 24 is not required to with withstand the high temperatures that
the liner insulation 26 must withstand. For example, the base insulation material may
operate at temperatures ranging from about room temperature to about 1000°C. The base
insulation 24 thus may be formed from a variety of materials meeting those requirements,
such as a ceramic material (e.g., aluminum oxide or silicon dioxide). In contrast, the liner
insulation 26 is formed from a material that can withstand higher temperatures. To that
end, the liner insulation 26 may be formed from a different material (chemically and/or
structurally) than that of the base insulation 30. For example, the base insulation 24 may
be formed from a solid, relatively dense graphite plate, while the liner insulation 26 may

be formed from a graphite or carbon foam material. In other embodiments, the base



operate at tenperatures ranging from about room
tenperature to about 10000C. The base insul ation 24

w0 bg/15mwy4 be fornmed froma variety of nateri al BCHESL0081056865
those requirements, such as a ceramc material (e.g.,
al um num oxi de or silicon dioxide). In contrast, the
liner insulation 26 is forngd froma material that can
wi t hstand hi gher tenperatures. To that end, the |iner
insul ation 26 may be formed froma different materi al
(chem cally and/or structurally) than that of the base
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posudipn¢ecrticalbralomestht sidewal 26 ths bpesndulawed4vee.t adjadenyto the

along the sidewal |l s of the base insulation 24 (i.e.,
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l'iner insulation 26 and the base

[0035] The thickness of the liner insulation 26 may vary depending on a number
of factors, including the insulative properties of the liner insulation 26 and the base
insulation 24, as well as the desired operating temperatures of the furnace 10. However,
in one embodiment, the liner insulation 26 may be thinner than the base insulation 24 to
reduce the cost of replacing the very pure, high quality material, which is typically
expensive.

[0036] The liner insulation 26 is expected to be subjected to a number of
environmental factors that ultimately can reduce its efficiency and thus, may be
considered as having a certain lifespan. As noted above, molten silicon splashed onto its

walls, as well as normal flaking, may impact liner insulation effectiveness. Accordingly,

at some point, those skilled in the art may choose to replace the liner insulation 26. To



insulation 24, as well as the desired operating

tenperatures of the furnace 10. However, in one
weersds4sent , the |iner insulation 26 may be t hPEFES82008/066865

than the base insulation 24 to reduce the cost of

replacing the very pure, high quality material, which

is typically expensive. [0036] The liner insulation 26

is expected to be subjecte o0 a nunber of

envi ronnental factors that ultinmately can reduce its

efficiency and thus, may be considered as having a
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[0038] Various embodiments of the invention may be combined. For example,
the afterheater 28 may be removably connected to the base 24 or liner insulation 26 and
thus, also relatively easily replaced. In addition, the base insulation 24 may have
openings 32 that effectively act as vents for heat in the region adjacent to the crucible 14.
Accordingly, the generally separate discussion of each of these aspects of the different
embodiments is not intended to limit all embodiments.

[0039] Accordingly, various embodiments of the invention permit insulation
within the furnace 10 to be replaced as needed without changing the basic furnace
structure. In addition, other embodiments enable greater control of the thermal profile

within the furnace 10 by having openings 32 in the afterheater 28 or the base insulation

24. These openings 32 effectively serve as heat vents.



the afterheater 28 nmay be renovably connected to the
base 24 or liner insulation 26 and thus, also
WO 20081154684 y easily replaced. In addition, the PEBES2008/066865
i nsul ati on 24 may have openings 32 that effectively
act as vents for heat in the region adjacent to the
cruci ble 14. Accordingly, the generally separate
di scussi on of each of theseaspects of the different
enbodi nents is not intended to limt all enbodinments.
[ 0039] Accordingly, various enbodi nents of the
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furnace struc e. I n addition, .gther enbodi nents .
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the furnace 10 by havi ng openings 32 in the ) )
modfigasions tag il scltwvetSﬁ@eb)gélte advanipeasi hoipyentipageithout departing
openi ngs 32 effectively serve as heat vents.[0040]
fronA\titehtonegicopdhef thb owentiorscussi on di scl oses vari ous
exenpl ary enbodi nents of the invention, it should be
apparent that those skilled in the art can nake
various nodifications that will achieve sone of the
advant ages of the invention wthout departing fromthe
true scope of the invention. CLAIMS What is clained is:
1. Aribbon crystal pulling furnace conprising: a base
insulation; and a |iner insulation renovably connected
to the base insulation, wherein at |east a portion of
the liner insulation forns an interior for containing
a crucible. 2. The ribbon crystal pulling furnace as
defined by claim1l1, wherein the |liner insulation
conpri ses graphite.



3. The ribbon crystal pulling furnace as defined by
claim1l, wherein the liner insulation conprises a

we@a0Bosuefpam material . 4. The ribbon crystal pedT/U82908/066865
furnace as defined by claim1, wherein the base
I nsul ation conprises a ceramc material. 5. The ribbon
crystal pulling furnace asnﬂ fined by claim1l1, wherein
the base insulation is for froma material that is
chemcally and structurally different than that of the
liner insulation. 6. The ribbon crystal pulling
furnace as defined by cqu ﬂwsmherein t he base
insulation is formed fromthe same material as the
li.ner.insulation. 7. The ribbon crystal pulling

Whatijs Rlaieedis” defined by claim1, further conprising a
cruci ble, at |east a portion of the |liner insulation

1. Aaithgnsastal pelieg fampeceanepisn® he cruci ble. 8. The
riQH%ﬂeﬁ&MﬁhéﬁeBH"ing furnace as defined by claim1,
further conpri'sing a crucible, at |east a portion of
t he lien @fsulafsil kahdvablyowinaget@b®i the bivedndudnoal Whebim at least a
cruci ble.9. The. ribbon crystal pulling furnace as

portiQay q’fjﬁg?j lipgr ipgudgtignfornps gn IRESTIOE Ssenie e %.ﬁrua’fbﬁf‘e r heat er
positi oned above the base insulation and the |iner
i nsul ation, the afterheater supported by the base

2. Thesubbdni awstallifullivk furiscons defystdly ofpiowk, lwheetil dat liner insulation
conprising: providing a base insulation; and renovably

comp ?@H%'a liner insulation to the base insulation
wherein at |east a portion of the liner insulation
forms an interior for containing a crucible. 11. The

3. e Hbboraerystelf iublént faynack as defired byteéaimi h whseeih thedimer insulation

conptR! fL:Bh HAMMNRLRRS, oraphite.

4. The ribbon crystal pulling furnace as defined by claim 1, wherein the base insulation

comprises a ceramic material.

5. The ribbon crystal pulling furnace as defined by claim 1, wherein the base insulation
is formed from a material that is chemically and structurally different than that of the

liner insulation.

6. The ribbon crystal pulling furnace as defined by claim 1, wherein the base insulation

is formed from the same material as the liner insulation.

7. The ribbon crystal pulling furnace as defined by claim 1, further comprising a

crucible, at least a portion of the liner insulation being positioned adjacent to the crucible.

8. The ribbon crystal pulling furnace as defined by claim 1, further comprising a

crucible, at least a portion of the liner insulation being positioned beneath the crucible.



12. The nmethod as defined by claim 10, wherein the

l'iner insulation conprises a carbon foammaterial. 13.
wab@stretohdpd as defined by claim 10, wherein t hERCIHS®08/066865

i nsul ation conprises a ceramc material. 14. The

met hod as defined by claim10, wherein the base

insulation is formed from gmteri al that is

chem cally and structurally different than that of the

l'iner insulation. 15. The nmethod as defined by claim

10, wherein the base insulation is forned fromthe

teri.al {
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afteehegter podifiércdabolehs base 1p§1ﬂﬁtmlrmﬂfthé H@erlmsmwhonnﬂw |a€téﬂh@diter
bei n p03| ti oned adjacent to the crucible. 17. The
supp@“qugar the bapefinWedioBy cl ai m 10, furt her
conprising:providing a crucible, at |east a portion of
the liner insulation being positioned beneath the
10. érniltboblceystal @rowth medthaticafiprgiirgd ng a ri bbon crystal,
t he nethod .conpri Slﬁg]‘g:a,‘ﬂﬁr oviding a furnace having a
i@

cr PEP BB Bape Dsplpi y of string holes, the furnace

al sembal gorﬁleE’@i%g?a jiRgUhRdtRR thHcbade fﬂsﬁlﬁﬁoﬁ Qﬁﬂ%‘t‘@f? h¥/lcast a
connect ed liner; adding nolten material to

portegnuefi thé bneramﬂllqim@ﬁ@s &t infonigr fdrcongminghe crsut:rbulmg hol es
and the nolten material to grow a ribbon crystal. 19.
The nmethod as defined by claim18 further conprising:

11. The method as defined by claim 10, wherein the liner insulation comprises graphite.

12. The method as defined by claim 10, wherein the liner insulation comprises a carbon

foam material.

13. The method as defined by claim 10, wherein the base insulation comprises a ceramic

material.

14. The method as defined by claim 10, wherein the base insulation is formed from a

material that is chemically and structurally different than that of the liner insulation.

15. The method as defined by claim 10, wherein the base insulation is formed from the

same material as the liner insulation.
16. The method as defined by claim 10, further comprising:
providing a crucible, at least a portion of the liner insulation being positioned

adjacent to the crucible.

17. The method as defined by claim 10, further comprising:



removing the first liner; and renovably connecting a
second liner to the base insulation. 20. The nethod as
waledsne@sby cl aim 18, wherein the |iner insul ae€HS2008/066865
conprises graphite or a carbon foammaterial. 21. The

met hod as defined by claim18, wherein the base

i nsul ation conprises a cerajyc material. 22. The

nmet hod as defined by claim1I8, wherein the base
insulation is formed fromthe sanme nmaterial as the
l'iner insulation. 23. The nethod as defined by claim

R A R S

benesh fdefdringbleby cl ai m 18, wherein at |east a portion of
the liner insulation is positioned beneath the
cruci bl e.

18. A method of growing a ribbon crystal, the method comprising:

providing a furnace having a crucible with a plurality of string holes, the furnace
also having a base insulation with a first removably connected liner;

adding molten material to the crucible; and

passing string through the string holes and the molten material to grow a ribbon

crystal.

19. The method as defined by claim 18 further comprising:
removing the first liner; and

removably connecting a second liner to the base insulation.

20. The method as defined by claim 18, wherein the liner insulation comprises graphite or

a carbon foam material.

21. The method as defined by claim 18, wherein the base insulation comprises a ceramic

material.

22. The method as defined by claim 18, wherein the base insulation is formed from the

same material as the liner insulation.

23. The method as defined by claim 18, wherein at least a portion of the liner insulation is

positioned adjacent to the crucible.

24. The method as defined by claim 18, wherein at least a portion of the liner insulation is

positioned beneath the crucible.



