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« 1 WETHOD FOR PREPARI NG MOLTEN SI LI CON NELT'FRONIPCLYCRYSTALLINéﬂgffngN
CHARGE BACKGROUND OF THE | NVENTI ON The present inyviention generally rel ates
to the 5 production of single crystal silicon, and specifically, to a
process for preparing a nolten silicon nmelt from polycrystalline silicon.
The invention particularly relates, in®h preferred enbodinent, to a process
for preparing a nolten silicon nelt froma m xed charge of 10 chunk and

granul ar poIycrystaNEFﬁ@DbFPPCBRFPQB§NGEMPgF@Nb SLEPNsMELTon used for
nmi croel ectronic ci r cuFROMy BOLISRYSTALLINE SZLIGOH, CHABGE, ochr al ski ( C2)

process. In this process, a single crystal silicon ingot is produced by
melting 15 pRCXCROUNDI| OF "EHEI INVENTIONA cruci bl e, dipping a seed crystal
into the nolten silicon, wthdraw ng the seed cryst i n manner
sufficient to achieve ?F%edPﬁﬁ%?% g??%ﬂo?o?e?%ﬁaftﬁdfegﬁﬂeﬁrBﬂdEﬁethe
singl e cryst apraducthion dofineiregle Teeypodl/ csibiadh) nendispeotfiedltd, to 20
formthe nolt IlJ LS | L1 Lr

L&Y é.éf&&é‘sé féi‘%%@%%/ﬁ‘%ﬂ% %%éfiéﬁ( STPPESh %é%v?’é?“ﬁat vely,

pol ycrystal line siTicon £[epa ; | emens” process or, - a
free-flow ng Pefeyerestal sprersthicgnshafhel mvent ton eAytigeiatly ne

Si 11 con. ypl ool dgedr enar ecbhyrarilal dhgst:hed 1 0851d Qe QEaEessor 25 The
preparation and characteristics of_ chunk and granular'polycrystéfllne
silicon are dR¥9RIELRY A OLRRFhlicon melt from a mixed charge of

10 chunk and granular polycrystalline silicon.

Most single crystal silicon used for
microelectronic circuit fabrication is prepared by the
Czochralski (CZ) process. In this process, a single
crystal silicon ingot is produced by melting

15 polycrystalline silicon in a crucible, dipping a seed
crystal into the molten silicon, withdrawing the seed
crystal in a manner sufficient to achieve the diameter
desired for the ingot and growing the single crystal at
that diameter. The polycrystalline silicon melted to

20 form the molten silicon is typically irregularly shaped
chunk polycrystalline silicon prepared by the Siemens
process or, alternatively, free-flowing, generally
spherically-shaped granular polycrystaliine silicon,
typically prepared by a fluidized-bed reaction process.

25 The preparation and characteristics of chunk and granular
polycrystalline silicon are detailed in F. Shimura,
Semiconductor Silicon C;zs;al'Teghnglogz, pages 116-121,
Academic Press (San Diego CA, 1989} and the references
cited therein. :

30 - The initial charging of chunk tYﬁe
polycrystalline silicon into the crucible and the melting
thereof can introduce undesirable impurities and defects
into the single crystal silicon ingot. For example, when
a crucible is initially charged entirely with chunk

35 polycrystalline silicon, the edges of the chunks under
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. Seni conductor Silicon Crystal Technol ogy, pages 116-121, Academ c Press
(San Diego CA, 1989) and the references cited therein. 30 The
initial charging of chunk type polycrystalline silicon into the crucible
and the nelting thereof can introduce undesirable inpurities and defects
into the single crystal silicon ingot. Bor exanple, when a crucible is
initially charged entirely with chunk 35 polycrystalline silicon, the
edges of the thenksadnddr a fullt lvharged can &chaltichc badggonge- $tveat ch and

gouge (e, Cr VERBLINA e 1S UG 10l 3,09 RIRAGRLUELAL 900 B L] o es

of crucible froatln I'ng _sus Icon e ese
impurities sigaitie pfSQ dee fllvatinge Pthosdbefingi sispenideds ibor i ng
within the sipgkegsgh é% meqr&d d%@%@s Pﬁ%ﬁé&é@% %;h%flt;aﬁ%ﬁ ngle crystal

production yields an hr oughput,. Careful arran
chunk- pol Ycr ydngrepse &he é&#e&&hpﬁ& Phediglrrakiragdiry™dag mishdze t he

thermal stresshs. siBglésc tang ahaca@d&eaaéwen@r dikhecakaoege feaa shift or
t he | ower portlon of the c

e Lover Por Rl kb S1Uno BN S LYo Allige o5l LRSDLERR.I  cauy, gnd
above the nel arvangetientcdgé” the chuektpdlyatgsiallinedgiidcbat daedngpposi ng
the initial loading can minimize the thermal stresses.

10 As melting proceeds, however, the charge can shift or the
lower portion of the chunk-polycrystalline silicon can
melt away and leave either a "hanger" of unmelted
material stuck to the crucible wall above the melt or a
"bridge" of unmelted material bridging between opposing

15 sides of the crucible wall over the melt. When the
charge shifts or a hanger or bridge collapses, it may
splatter molten silicon and/or cause mechanical stress
damage to the crucible. Additionally, initial loadings
of 100% chunk-polycrystalline silicon limits the volume

20 of material which can be charged due to the poor packing
densities of such chunk materials. The volume
limitations directly impact single crystal throughput.

: Problems similarly exist when a CZ crucible is
initially charged entirely with granular polycrystalline

25 silicon. Large amounts of power are required to melt the
granular polycrystalline due to its low thermal
conductivity. The thermal stress induced in the crucible
by exposure to such high meltdown-power can cause
distortion of the crucible and particles of the crucible

30 to be loosened and suspended in the melt. Like the
mechanical stresses, these thermal stresses result in
reduced zero-defect crystal production yields and
throughput. Other problems associated with initial
charges comprising 100% granular polycrystalline silicon

35 are disclosed below with respect to the present
invention. Finally, although initial loadings of



15" sides of the crucible wall over the nelt. Wen the charge shifts or a
hanger or bridge collapses, it may splatter nolten silicon and/or cause
mechani cal stress danage to the crucible. Additionally, initial |oadings of
100% chunk- pol ycrystalline silicon limts the volume 20 of material which
can be charged due to the poor packing densities. of such chunk materi al s.
The volune |imtations directly inpact single crystal throughput. Problens
similarly exi grapudarapClycrysitield ine isdilticain yayhdegow lametrdiop 1divt h
granular polyghysbal kinae £har $¢ 1994 chh@ikipsd a@.fliB]%W%ril e, equi red
to nelt the grandlar polycrystalline due to its”| ow thermal conductivity.
The thermal sthe¥styrdceddy Aot petc kgsudte 1By hdghezuraerg@lduch high

nmel t down- powe Ith&@’&gh?u&e etk @heOteble e LHCithleemand spaekisCbas tok t he

i bl 0 to b d d d.int nelt,. i ke.,th
ﬁ;gﬁ;nigag stFgggég}e?ﬁégggﬁﬁggnﬁﬁggﬁEggggéage? FﬁgﬁﬁlP&dhbéﬁlﬁgﬁo-defect

crystal production yiglﬂheahéxghheughpu&blétﬁeripﬁmﬁh@&y asadedawednw t h
i scl osed bel SUMGR Ay SEAGuE AP EEAEeYaEaRa iR, BReTsR b FARLRDY ol t hough
initial |oadi pgocebses 3tgiasndeasirpdl yor gddapbilyeryskaddnneagibécon to
volunetricall ¥ne melt with a feeding/metering system to increase the
10 quantity of molten silicon. The use of such additional
loadings of charge-up polycrystalline silicon is known
for batch, semi-continuous or continuous process systems.
In the batch system, for example, additional silicon may
be loaded into the existing melt to achieve full crucible
15 capacity in light of the decrease in volume after the
initial polycrystalline silicon charge is melted.
Japanese Utility Model Application No. 50-11788 (1975) is
exemplary. In semi-continuous and continuous €Z systems,
additional polycrystalline silicon is charged to the
20 silicon melt to replenish the silicon withdrawn as the
single crystal. F. Shimura, Semiconductor Silicon
Crystal Technology, p. 175-83, Academic Press {(San Diego
CA, 1989).
Although granular polycrystalline silicon is
25 generally the material of choice to replenish batch,
semi-continuous and continuous CZ systems because of its
free-flowing form, it is not without its disadvantages.
As disclosed by Kajimoto et al. in U.S. Patent No.
5,037,503, granular polycrystalline silicon prepared by
30 the silane process contains hydrogen in an amocunt
sufficient to cause the silicon granules to burst or
explode when they are immersed in molten silicon. The
explosion or bursting of the polycrystalline silicon
granules causes scattered silicon droplets to accumulate
35 on the surface of the crucible and other components in
the crystal puller which can fall into the molten silicon



. larger than that of 100% chunk pol ycrystalline silicon, they typically do
not result in higher overall throughput, because the degree of thermal -
stress on the 5 crucible increases with the size of initial |oading.

Whet her the crucible is initially | oaded with chunk or granul ar

pol ycrystalline silicon, in many procesges it is desired to add
polycrystalline silicon to the nelt with a feeding/netering systemto
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| oadi ngs of c - | talline silJ [ I h,
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exanpl e, addi contgntsofi the granyd aropedycryssalidnexisdililiggnmbyt t o achi eve
full crucible ' ' | i Is I ftar, the
it el pol yoPyerSriing e goanuiar Bolylysfaliage 18 8 YRt Miae
Appl i cati n N@EWOEPheres in1 97 SPPRI AL REPEANT PRPAZALUSONEAdo S eand
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silicon L to,replenis silicon_ w ra ) e single,crystal.
F shimura, | SURLAGnAREEoPPBEPREN CERIS: £P FBEHIGI bHF, LRECE WIS, WRiGH o
Press (San D ebe G&anid88) expllvlbeyghtgdaesl avtpelyminatal khee silicon is 25
generally the ' of Lce r ls mM,-cont.l YO and
cont i nuous Cnggégéﬁggbecggggég? %pg ﬁﬁggg?ﬁgmﬁﬁéﬁpg?ﬁg FFﬁi§E%§# &%thout
i ts di sadfant eyperisncddswibbedrbpukari polyceysthllineUh8viRgt ent No.
hydrogen concentration of less than 1 ppm by wt. (28
ppma) . To date, granular polycrystalline silicon is
available in commercial quantities having a hydrogen
concentration ranging from about 0.4 to about 0.7 ppm by

15 wt. (11-20 ppma).

SUMMARY OF THE INVENTION
' It is therefore an object of the present
invention to prepare a molten silicon melt suitable for
producing single crystal silicon ingots with improved

20 zero dislocation growth and throughput, by decreasing the
mechanical and thermal stresses on the crucible,
minimizing the concentration of hydrogen in the melt,
maximizing the volume of polycrystalline silicon in the
initial loading, providing ease of handling of charge-up

25 materials, and avoiding hydroéen bursting effects during
addition of charge-up polycrystalline silicon. It is
also an object of the invention to prepare a molten
silicon melt suitable for producing single crystal
silicon ingots with improved zero dislocation growth and

30 throughput without adding significant additional process
costs, equipment or time.

Briefly, therefore, the present invention is
directed to a process for preparing a molten silicon melt
from polycrystalline silicon for use in producing single

35 crystal silicon by the Czochralski method. The process



. 5,037,503, granul ar polycrystalline silicon prepared by 30 the sil ane
process contains hydrogen in an anmount sufficient to cause the silicon
granul es to burst or explode when they are imersed in nolten silicon. The
expl osion or bursting of the polycrystalline silicon granul es causes
scattered silicon droplets to accunulats 35 - on the surface of the
cruci bl e and ot her conponents in the crystal puller which can fall into the
mol t en sili copomprisesdlpaténgupolycyysahljioet bilAson sokot Roprueiblies

probl em KaJ'HHHOmERtQh EﬂgggéﬁyEEQBEE thgesgggEBQGHnE Etgn F?E%égﬁg||lne

granul ar polycrxsta I N ranu
in an inert 8% Begtﬁ€§ﬁﬁéré3|ﬁ°§m§épar$hé Eéﬁtiﬁélﬁppalésdschﬁrge t he

concent r at i oncefhpkl gkl mb§t3n5sﬂmm:eﬁ Whvihgl@nPEPBErOkulk-esse %(\Vl le this
approach tends to1 guce the for ﬁg wi th, whicCh the anul es exp it does
not el i m nat e“PRELpRENBAL¥STYRER FnetﬁéleP§tWh@cghéﬁoﬁﬁﬁaséﬂnabPVﬁl be 10
experienced wché gppanlsnrﬁab¢Cb£Sthé|m@EtBﬁVBﬂmlaohydr@B@npﬁQGQQFTrat'0”
of less than y 8. p stal line
siliconis avéuggg%g cﬁmgﬁéﬁ%?cgﬁ? ﬁgnP?? gy%é@?#b §§g¥83€n°n
concentrat|onthangxpgsédounmbbned0pdlYorgbballﬂné pphibynldbn awhanhéds- 20
ppna) . sufficient to allow the polycrystalline silicon to
10 dehydrogenate before becoming immersed in the molten
silicon, and then melting the unmelted polycrystalline
silicon and the polycrystalline silicon fed onto the
exposed, unmelted polycrystalline silicon until a molten
silicon melt is formed.
15 Other features and objects of the present
invention will be in part apparent to those skilled in
the art and in part pointed out hereinafter.

BRIEEF DESCRIPTION OF THE DRAWINGS
FIG. 1 is a section view of a Czochralski

20 crucible showing an initial loading of chunk-
polycrystalline silicon.
' FIG. 2 is a section view showing the
commencement of feeding granular-polycrystalline silicon.

FIG. 3 is a section view showing continued
25 feeding of granular-polycrystalline silicon and the
formation of a solidified silicon mass.
FIG. 4 is a section view showing the completion
of feeding granular-polycrystalline silicon.
FIG. 5 is a section view showing a molten
30 silicon mass.

DETAILED DESCRIPTION OF THE INVENTION
In the present invention, polycrystalline
silicon is initially loaded into a Czochralski (CZ)



. SUNMARY OF THE INVENTION It is therefore an object of the present invention
to prepare a molten silicon nelt suitable for producing single crystal
silicon ingots with inproved 20 zero dislocation growh and throughput,

by decreasing the nechanical and thermal stresses on the crucible, :
m ni m zing the concentration of hydrogea in the nelt, maxim zing the vol une
of polycrystalline silicon in the initial |oading, providing ease of '
handl i ng of changabde,28nd nefltcedats, famt avpadttigliydmedeerdbehsarigey

effects durl ngnaddl §h09,86sCBRLECHURRA! ¥3TYBLAl LhaCuahlitan It s also an

object of the invention to prepare a nolten silicon nelt surtable for
produci ng si nBPeYErystalling edhirrget sThet AOLEBRoSEd igeRohars BB upPPSY

growth and 30surkheeughevt WiqtibﬁuEhéddhﬁ&l&ban%:i;h%@&ségiﬂh@n@E.J.E’.E:B_ﬁes5
costs, equipnent or _tine. Brlefhx, t herefqgre, the gresent invention is
directed Po alfrB8EeiS3fbr PRFEHALHgSXPREPen SFRPEOATABPLYFFYREalline

pol ycrystal | i s¢lscbhcas fed vaeoi ahpr estgekad &hm@D.Eea5pol?E:).‘?§&hlih‘.héC0n by

i icon I nto SLLFERROLE BnHeRBFE: AOLFAGLROR, EPySLLPR RoScpPREbiaka 1 a
partial ly nel pellychwsgeliinéosnddcofhtopdebydrbgenateewhihar §& tenpri ses
mol ten silicop.badbng 88 VRBCLLSELEECEF2Pfle unmelted polycrystalline
10 silicon and before it becomes immersed in the molten
silicon. The granular-polycrystalline silicon and the
unmelted polycrystalline silicon of the initial loéding
are then fully melted to form a molten silicon melt. The
invention is described in further detail below with
15 reference to the figures, in which like items are
numbered the same in the several figures.
With reference now to Figure 1, polycrystalline
silicon 10 is loaded into a standard CZ crucible 20.
Although either granular-polycrystalline silicon or
20 chunk-polycrystalline silicon could be used for the
initial loading, chunk-polycrystalline silicon is
generally preferred. The use of granular-polycrystalline
silicon for the initial loading can result in relatively
poor production yields and a high incidence of large void
25 defects forming in the single crystal silicon ingot. It
is believed that the granular-polycrystalline silicon
traps gasses such as argon or hydrogen at the bottom 24
of the crucible 20, and that these gasses later release
as bubbles into the silicon melt during crystal growth.
30 Some of the bubbles become attached to the crystal at the
crystal growth interface, thus forming void defects. The
use of chunk-polycrystalline silicon for the initial
loading avoids the formation of these woid defects, and
generally results in higher yields.
35 The amount of polycrystalline silicon initially
loaded into the crucible is pfeferably optimized with



5 " unnelted polycrystalline silicon which is exposed above the upper
surface of the nolten silicon. The process further conprises feeding’

pol ycrystalline silicon onto the exposed unnelted polycrystalline silicon
in a manner sufficient to allow the polycrystalline silicon to 10

dehydr ogenat e before becom ng i Mmersed 7n the nolten silicon, and then
nmelting the unnelted polycrystalline silicon and the polycrystalline
silicon fed onespers &rpbhedquadityt of pbeysinglel ciryetsill isddnconti| a

mol ten siliconnpBkt ghg 5?5@%@t1$5 throu h ut. C&@eEoLeﬁhﬂ&eﬁPﬁgi obj ects of
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l.Lne si
the conmeAcentRFTE SF Hb EF%ﬁGVaP pBF?cFF?FSPI?héfEFPHCSH fprming js a

section view beodges eenhangedSZS Ecbﬁeﬂhﬂg ahaa&anﬂaatypaky@thékallIne
silicon and t?ﬁgLorna a section
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FIG 5is a selsooanuoewagbomungmazmngtEhe36mountlofouhunks - DETAI LED
DESCRI PTI ON CBBI?Er&Q%EEE&SQ silicon in the initial load. If too

10 little chunk-polycrystalline silicon is loaded, however,
a considerably greater amount of power is required to
melt the charge. The higher wall temperatures associated
with the use of such higher power can result in premature
crucible degradation. In addition to these factors, the

15 initial loading size will also vary with crucible design,
hot zone design and the types of crystal products being
produced. For example, in a 100 kg total charge using a
22 inch crucible, an initial loading of chunk-
polycrystalline silicon of 40-65 kg is preferred with a

20 loading of 50-60 kg being more preferred.

In the preferred embodiment, the initial charge
of chunk-polycrystalline silicon is arranged in the
crucible with the center 12 of the polycrystalline
silicon 10 being about 23.5 to 31 mm higher than the edge

25 14. The crucible 20 is set at a position such that its
top edge 22 is about 10-80 mﬁ above the top edge 32 of
the side heater 30, and preferably at about 50 mm. This
crucible position is maintained constant for the duration
of the meltdown.

30 The polycrystalline silicon 10 is melted until
a partially melted charge forms in the crucible 20. As
shown in Figure 2, the partially melted charge comprises
both molten silicon 16 and unmelted polycrystalline
silicon 11. The molten silicon 16 has an upper surface

35 18 above which the unmelted polycrystalline silicon 11 is
exposed. The unmelted polycrystalline silicon 11 is



. In'the present invention, polycrystalline siliconis initially |oaded into
a Czochral ski (C2) 6 crucible, and nelted to forma partially nelted
charge which includes both nolten silicon and unnelted polycrystalline
silicon. The nolten silicon has an upper surface above which the unnelted
pol ycrystalline silicon 5 Is at |leastspartially exposed.

G anul ar-polycrystalline silicon is fed onto the exposed unnelted

pol ycryst al | i essentiaddy mm irdanst suffouided by tdld owlten gridnidaar -
polycrystalling silicon to dehydrogenate while it is resident on the
surface of the unnelted polycrystalline 10 silicon and before it becones

i mersed in the nolten Sils Eertirddwymeddes chargsr yist fanmes $ivt i con and

the unnel t ed m@am&ﬂgsttaiel RSP IL D Hithh®oth dide HRAMS A @dden fully
nelted to for\gz‘gc’[tll‘__ciﬂ5 en silicon nelt. _The |nvent|3: is described in further

detai | belPow eatgtro Bénce 1o M ffgdred 189y iofe 55 & % e
nunber ed the skmRk-polersereldlired maszon\/\htrmareherleim dmltbleFl Fore 1,

pol yorvetall depibicon 10 GRPOLRLE R anit Co.o o o 20
chunk- pol ycr ystdhitaiaesi bmcgmwemuu@vbésusédlﬁarkmhanﬁhamlkM‘Ioad|ng,
chunk- polycry§%gb c@qv%lblcon IS
10 The extent to which the initial load of
polycrystalline silicon is melted to form the
polycrystalline silicon island may be specifically
defined in terms of the amount of surface area of the
upper surface 18 of the molten silicon 16 relative to the
15 total surface area in the partially melted charge, where
the total surface area refers to the surface area of both
the upper surface 18 of the molten silicon 16 and the
surface 13 of the unmelted polycrystalline silicon 11.
By this measure, the initial load of polycrystalline
20 silicon 10 is preferably melted until the upper surface
18 of the molten silicon 16 comprises from about 25-50%
of the total surface area, and most preferably around
30%. Alternatively, the extent of melting may be defined
with respect to the relative amounts of molten silicon 16
25 and unmelted polycrystalline silicon 11. In the
preferred embodiment, the initial load of polycrystalline
silicon 10 is melted until the ratio of molten silicon 16
to unmelted chunk-polycrystalline silicon 11 in the
partially melted charge is between about 3:2 and 4:1 by
30 weight. 1In the preferred embodiment using the heater
power values recited above, about fiwve hours is required
to form the partially melted charge.
After forming the partially melted charge in
the crucible 20, polycrystalline silicon 40 is fed onto
35 the exposed unmelted polycrystalline silicon 11, as shown
in Figure 2. The polycrystalline silicon should be fed



generally preferred. The use of granul ar-polycrystalline silicon for the
initial loading can result in relatively poor production yields and . a high
i nci dence of large void 25 defects formng in the single crystal silicon
ingot. It is believed that the granul ar-polycrystalline silicon traps
gasses such as argon or hydrogen at theSbottom 24 of the crucible 20, and
that these gasses l|later rel ease as bubbles into the silicon nelt during
crystal growt pntgotheSisdanfl pifeubmeBled podyvwystaidhvd sdlihenciystal at

the crystal QEQ‘%Qr‘ Ehshf 3680 EHBSmBQEEh”Qﬂ%@n gtsects The use of
chunk- pol ycrystalline silicon for the init avoids .the formation

of these void defects, ARE H@h@hﬁlF?tﬁésaﬁtQoﬂﬁcﬁyﬁﬁéﬂlypélEéllggn

Thefanogrt oflﬁetxan1§tabbaaa ablpampcrystaQUhﬁelgadeaonnfedtbﬁtéruﬁbble i's
prefera

pti ect tot he S|n | e crystal
silicon |§g lﬁﬂéngrﬁﬁugFFSﬁr?hi gﬁBUF?nI?gPBE %uéhxﬁauﬁﬁouﬁo?y ry§9§¥llne
silicon is Ioadeé ppeferhbler batWween Abgher 1rechadi sab. StFeﬁssslooCHQ and

there is al so S abll t rge Qr m ng
bri dges or haﬁég?g cﬁ%%ﬁ% Eg B gg #I%Fucégagfhgsr 055 %
granular-polybogé@agloﬁeCQunkcpqlnayyatableneoauégeon1nsnmqsng the anount:
of chunk- preferred based on the factors detailed above with the

10 balance of the total charge being fed to the exposed
portion of the island.

The manner of feeding polycrystalline is
preferably controlled to allow the polycrystalline
silicon 40 to dehydrogenate while it is resident on the

15 surface 13 of the unmelted polycrystalline silicon 11 and
before it becomes immersed in the molten silicon 16.
Dehydrogenation refers to the diffusion of entrapped
hydrogen molecules (H,) or atoms (H) through the crystal
structure of the polycrystalline silicon. Accordingly,

20 the factors affecting dehydrogenation include the
temperature-dependent diffusion constant of hydrogen, the
distance through which the hydrogen must diffuse to
escape the crystal structure, and time. Generally, for
polycrystalline silicon chunks or granules of a

25 particular size, as temperature increases, the diffusion
constant increases, and the time required for the
hydrogen to diffuse decreases. Conversely, as the time
available for the hydrogen to diffuse decreases, higher
temperétures are required to effect diffusion.

30 Because the feed rate of polycrystalline
silicon 40 affects the length of time that the
polylcrystalline silicon is heated before becoming
immersed in the molten silicon 16, it is preferred that
the polycrystalline silicon 40 be fed onto the exposed

35 unmelted polycrystalline silicdon 11 at a rate sufficient
to allow the residence time and the residence temperature



pol'ycrystalline silicon in the initial load. If too 10 little

chunk-pol ycrystalline silicon is |oaded, however, a considerably greater
anount of power is required to nmelt the charge. The hi gher wall
tenperatures associated with the use of such higher power can result in
premature cruci bl e degradation. In addidon to these factors, the 15
initial loading size will also vary with cruci bl e design, hot zone design
and t he typesogftbﬁy@@éwcﬁwﬁﬁﬁéﬂsnbeSnélspﬁd&@e&® ker, axagphbinatianl00 kg

total charge UgiFRgcaed? tacalqbuChph%ogaa tB‘Hh%Eu%%aQ&B& @heChunk-
pol ycrystalline_silicon_qof 40-65 kg preferred wth_a 20 - | oadi ng of
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charge of chuskipebycapsbakbnee Shikgggdi S.nalthénﬁ@d.tbﬁ Eheiebychll.e with
t he centeé 12_of the % ol ycr s%glllne silicgon belng about to.31 mm
n

hi gher than t he*eBYEPS . COPhBTEPRE bF8V§6 1SN ¢ hﬁtrﬁsb§§FF?oﬁ1?ﬁch
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heater 30, an O Thi i bl.e,position is
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conpri ses bot unmne crys Ine sitlicon 11.
The nol t &R si FheoMcibeRagidACaABPRF - susiuaééagéyl tBeakeséd@RFreh the unnel t ed

pol ycrystal | i pempetheQPelisi 8efined as the time-averaged temperature
achieved and maintained while the polycrystalline silicon
is resident on the exposed, unmelted polycrystalline
silicon 11. Although some of the polycrystalline silicon

15 fed onto the exposed unmelted polycrystalline silicon 11
may have a relatively short residence time, the feeding
can be controlled such that most of it will have a
residence time which is adequate to effect
dehydrogenation.

20 The polycrystalline silicon fed onto the
exposed, unmelted polycrystalline silicon is preferably
granular polycrystalline silicon. Granular
polycrystalline silicon is generally easier to feed and
results in a more uniform residence time as compared to

25 chunk polycrystalline silicon. Preferably, the granular-
polycrystalline silicon is dust free and 90% of the
granules (by weight) have a size distribution falling
within the range of about 400um to about 1400um.

In the preferred embodiment, the granular-

30 polycrystalline silicon 40 is fed onto the exposed
unmelted polycrystalline silicon 11 at a rate sufficient
to allow the temperature of the granular-polycrystalline
silicon 40 to rise to about 1200°C for a period of about
30 seconds before the granular-polycrystalline silicon 40

35 becomes immersed in the molten silicon 16. Although a 30
second resident time is preferred, resident times as



exposed. The unnel ted polycrystalline silicon 11 is 8 essentially an

I sl and surrounded by the nolten silicon 16. The partially nelted charge is
formed by heating the crucible 20 with both side heater 30 and 5 bottom .
heater 34. To nelt an initial |oading of 55 kg of chunk-polycrystalline
siliconin a 22 inch crucible, for exanple, the side and bottom heaters 30,
34 are maintained at power levels of 161 kWand 30 kW respectively. 10
The extent toshrthashali siedonids apgpealr molberﬁafihbuaatstbiensuk@ nel t ed

to formthe p ' i S efined in
terms of the §E$gé¥55%5§5?§g%ga§§%% “of gggcg%éﬁrﬁaki %g he nolten
silicon 16 repérﬁVQUﬂértﬁ@uygbletdﬁ&ﬂggurﬁadef@reﬁhﬁnsune padtlally mel t ed

char ge, \Ahereaman%;@hahtswf 26 %%ﬂaqf %adtla B¢ suLhrce area of both the
upper surface t he gglten i,licon 16 and The surface 13 of the

unnel t ed ﬁolyEP§¥F§VﬁFﬁé Pei 84 icen B?e@hF§ rBgshreferred Rrergssl oad of
pol ycrystalli ahezgranauhrcpalwrystawiﬁéabhhaaht ¢d @Bl bnthetunaper

surface 18 of the Iten con,16 co ses n1about 25- 50@6of t he
t ot al surfacee§P8§e att mﬁiédePQ#XFﬁgFggéhbﬁﬁdSl icon at a ra

ranging from about 5 kg/hr to about 15 kg/hr, and most
preferably at a rate of about 10 kg/hr. Such low feed

10 rates also minimize the thermal stresses on the crucible
and thereby minimize crucible degradation.

The type and hydrogen concentration of the
granular-polycrystalline silicon used in the preferred
embodiment of the present invention is not critical as

15 long as the feed rate and other process parameters are
controlled to ensure adequate dehydrogenation. The
present invention is advantageous over prior art methods
with respect to the ability to use granular-
polycrystalline silicon having a wide range of hydrogen

20 concentrations, including concentrations up to about 500
ppma. Preferably, the hydrogen concentration of the
granular-polycrystalline silicon 40 fed onto the exposed
unmelted polycrystalline silicon 11 is less than about
400 ppma, more preferably less than 50 ppma, and most

25 preferably less than about 20 ppma.

Referring now to Figures 2 and 3, the
granular-polycrystalline silicon 40 is, in one
embodiment, fed onto the exposed unmelted polycrystalline
silicon 11 through a quartz glass feed tube 42. Prior to

30 and during charging of granular-polycrystalline silicon,
the feed tube 42 is movably positioned over the center of
the crucible 20 and directly above the center 12 of the
exposed unmelted polycrystalline silicon 11. Feeding
commences when the partially melted charge is formed, as

35 defined earlier. The granmular-polycrystalline silicon 40
forms an island 44 over the surface 13 of the exposed



30% Alternatively, the extent of nelting may be defined with respect to
the relative anbunts of nolten silicon 16 25 and unnel ted polycrystalline
silicon 11. In the preferred enbodinent, the initial |oad of
polycrystalline silicon 10 is nelted until the ratio of nolten silicon 16
to unnel ted chunk-polycrystalline siliciem 11 in the partially nelted charge
I s between about 3:2 and 4:1 by 30 weight. In the preferred enbodi nent
usi ng the heavemeptwdr pedlyceystediltiee sidieoridyt wiithe theursdope cfquired

Char oo nehoRE! ASTRORLCClY 36 A Sl B GEARPH Bl ML O

charge in the cruci stallTine™silicon &d “6fto 35 the
exposed unnel9§énﬁéﬁ¥CP?§w§WWBﬁél iLniec 64 1itonad OGshoiier the gwmaaudarfhe

polycrystalIIg@1§bky%ealaaaul@1§sckﬁdava1&agneof&aﬁ Aabéﬁgfgk ugg%'ted

polycrystalline Silicon 11 rather than into_the npolten si The
wei ght raPi o 8RIPSI PEr FEPEFi A€ SPPrEsATRSELYaPly degaees -t oWpélecithist al | i ne

silicon fed ngranﬁm@s5of grhandaks @&9&&9@&&1&@@%&11@6&%02a«%eand about

2:1, d f kg total
Char aotoa S3BERURRE Bh BRe Truang iy thel tenbes Ry RS ohe 0 O

chunk- pol ycr ygtahluiles silbesoguiskipstopresaltednbaapddodehhdrbaehation
detail ed abovse%££Q Eﬂg granules become immersed in the molten silicon
10 16. Dehydrogenation of the granular polycrystalline
silicon may be effected under the same type of
atmospheric conditions, typically under an inert gas, as
are known in the art for preparing silicon melts in C2
crucibles. After dehydrogenation, the hydrogen
15 concentration of the granules is less than the saturation
concentration of hydrogen in silicon at the melting point
of silicon. That is, the concentration of hydrogen after
dehydrogenation is less than 1 ppma (0.036 ppm by wt.).
Both the side and bottom heaters 30, 34 remain
20 energized during the feeding of granular-polycrystalline
silicon 40 onto the exposed unmelted polycrystalline
silicon 11. 1In the preferred'embodiment, the power level
of the side heater 30 is reduced from 161 kW to 160 kW
approximately one hour after feeding is commenced, and
25 then further reduced to 155 kW approximately two hours
after feeding is commenced. The power level of the
bottom heater 34 remains constant at 30 kW. As shown in
Figure 3, the combined effect of the continued heating
during feeding of granular-polycrystalline silicon is to
30 result in a solidified silicon mass 46 forming underneath
the island 44. In the preferred embodiment, the
solidified silicon mass 46 comprises both chunk-
polycrystalline silicon from the initial loading and
granular-polycrystalline silicon from the latter feeding.



10° Dbal ance of the total charge being fed to the exposed portion of the

I sland. The nmanner of feeding polycrystalline is preferably controlled to
al l ow the polycrystalline silicon 40 to dehydrogenate while it is resident
on the 15 surface 13 of the unnelted pol ycrystalline silicon 11 and
before it becones imersed in the nolteys silicon 16. Dehydrogenation refers
to the diffusion of entrapped hydrogen nol ecules (H2) or atons (H) through
the crystal structure ofFeeldéngokpotystiakl ahetbhel oppimalcfeedi ngty, 20 t he

fact ff d d t
i1 uston condaal Sh¥ EUECah8int "Gr 881186 GERE ALUI ERAPRR"ERR | o,
must diffuse ﬁéné%cﬁbélﬁﬁé @¢9§téﬁssbﬁaatQhérgaﬂdl@tﬂethebﬂnnakbye 26r

pol ycrystal | i pgrshl n@@nkﬁheekaloﬁegeaaabsslﬁf wBidR s55PR&tLEULRLnRLZE, as
terrper ature i nc eases | on constant Lncreases, and the tine

required Por PR Yﬁ?ﬂ?ﬁ@i 1pg ﬁF&FGQ@ WREr eEsEsEorohber triyiaksleadingne

avai | abl e for4shEgh¢drggaﬂunardpbiyﬁgydealEﬁﬁeSs1Di§6ﬁr4@eﬁﬁ@tabéreS are
required to e use the ieed rate o

f
polycrystalllﬂéggg?a %ﬁrﬁﬁgngéﬁtgeFﬂetPBﬁg%% of FPYFECT hat 2FFRT tota
pol yl cryst al | chargeti may aisbeheecdehiiged kkenal thei oneciiellei 2Ot8&nNOI t en

i1 con 16, |hohspRbalec ele! baks thepol yetysbal hlie S kbEon #9gbggted onto

t he exposed 3 I'ne"srrrcon a rat i ci ent
to all owt®he t@tabemebttmaesanGSthg césgnen@baremgbyexn$@alllne

silicon is charged in the same manner as described above.
In the preferred embodiment at the optimal feed rate,
about 4.5 and 6.5 hours are required to feed up for a 100
kg and 120 kg total melt mass, respectively. After the

15 feeding of granular-polycrystalline silicon 40 is
complete, the feed tube 42 can be positioned away from
the center of the crucible 20 to allow for crystal
pulling. At this point, as shown in Figure 4, the bulk
of the silicon in the crucible 20 is molten silicon 16,

20 with a relatively smaller amount of solidified silicon
mass 46 remaining.

The granular-polycrystalline silicon and the
unmelted polycrystalline silicon, collectively comprising
the solidified silicon mass 45. are further melted to

25 form a molten silicon melt. As shown in Figure 5, the
molten silicon melt comprises 100% molten silicon 16. In
the preferred embodiment, the power lewvel for the side
and bottom heaters, 30 and 34, are maintained at 155 kW
and 30 kW, respectively, to effectuate the final melting

30 in approximately 1/2 hour. Accordingly, the total time
required to form a 100 kg molten silicon met is
approximately 10 hours. For a 120 kg wmolten silicon
melt, approximately 12 hours is required.

The following examples illustrate the

35 principles and advantages of the invention.



10 of "the polycrystalline silicon 40 to be, in conbination, sufficient to
all ow hydrogen to diffuse fromthe polycrystalline silicon 40 before the
pol ycrystalline silicon 40 becones imrersed in the nolten silicon 16. 5 For
pur poses of the present invention, the residence tine is defined as the
period of tinme during which the polycrysfalline silicon 40 is resident on
(i.e., in physical contact with) the exposed, unnelted polycrystalline
silicon 11 before becom ng i mersed EXAMBLESt he nolten silicon 16.

Simlarly, the residenceg t erghy n ver aged
tenperature achieved_angmﬁgggtgﬁge %ﬁhiFS%Fhe%%E%%%%gnglggﬁé siliconis
resi dent on teonyepsdeonalumeshods poldy thesmeithods ofl ithenpreésealtt hough some

of the p0|ycriﬁk%5kh8% SME&%Oﬁskﬁ tdf%Qd@@E% %@%gQépQ§%gt%Q”%|ﬁ§%on

pol ycrystalline silicon have a“rel ativel y~short reS|dence time, the

f eedi ng c&n bénS@ﬁFrBVI§@esG@ﬁ°Pﬁé@S#BsFE%$K¥# whRltah #38 goldecgenc &t i me

which is adeqé@hﬁub@eethécEed%ﬁi@%oﬁéﬂib&ﬁﬁncéoof the moltenngllcon
pol ycrystal line_silicon

e expose pol ycrystal i ne
silicon is pr@?&F§b9§e§P§ﬁaI§ ﬁBFyEP§§Pg§IFﬁ§%§EE|con Granul ar
pol ycrystal l'i ne siliconInsegehendl thecaxamplies predecaned below, molten

silicon melts were prepared using three different types

10 of charges and methods. First, molten silicon melts were
prepared from polycrystalline silicon charges comprising
100% chunk-polycrystalline silicon by conventional
methods known in the art. Additionally, molten silicon
melts were prepared from polycrystalline silicon charges

15 comprising 100% granular-polycrystalline silicon
according to the less preferred embodiment of the present
invention (i.e., an initial loading of approximately 50
kg granular-polycrystalline silicon with the balance
being granular-polycrystalline silicon fed in a

20 subsequent step). Finally, molten silicon melts were
prepared from mixed polycrystalline silicon charges
comprising approximately 55 kg chunk-polycrystalline
silicon and the balance granular-polycrystalline silicon
according to the preferred methods of the present

25 invention. These three different types of charges and
their associated molten silicon melts are hereinafter
referred to as "pure chunk," "pure granular" and "mixed"
charges or melts, respectively.

The concentration of hydrogen in the granular-

30 polycrystalline silicon typically varied from about 11
ppma to about 28 ppma with no detectable impact on the
results. Furthermore, in one of the mixed charge test
runs, a full-length crystal was produced using granular-
polycrystalline silicon with a hydrogen concentration of

35 about 400 ppma. This crystal had no detectable
differences with respect to essential characteristics as



results in a nore uniformresidence tinme as conpared to 25 chunk
polycrystalline silicon. Preferably, the granular- polycrystalline silicon,
is dust free and 90% of the granules (by weight) have a size distribution
falling within the range of about 400[err]mto about 1400[err]m 1In the
preferred enbodi nent, the granular- 30 15 polycrystalline silicon 40 is fed
onto the exposed unnelted polycrystalline silicon 11 at a rate sufficient

to allow the rempersdute ¢che lerygtadsl produced ystiag igmansillareon 40 to rise
to about 1200bgnite,0a1a ARl iad i9bnahouh, IBuasCadsdgtore the

gr anul ar - pol yCr ine silicon econes sed in the nmolten
silicon 16. APPREG§KakigmssecdddhoaghdEhe orasularppelysiddconeviltdng

times as %M@Mﬁ%%@%&%ﬂ%ﬁ%&%@ﬁer
dehydrogenation.” Moire spe¢ifically, for_the particular crucible design, and

for the sPze ShdVEFYafferentidficORe rRPLREF RBIUENEhSF fdRaAkmedt

pol ycrystal | i pesstibgopnutee chuchBler ahelL; edepbogeEsctt beystal growth
granul ar - pol ycr stakliﬁ% sklicon is fed onto the exposed unnelteg

pol yerystal | i §85sPPFc8hT8F 8% ate ranging from about 5 kg/hr to about 15
kg/ hr, and nost pref er alihy eachaofatheoéxaplies]0daghhwasSaohlboveticed 10

rates also m gl paee! Be1LASLIRLSLECEALS 2801 bllgng! Bekbbendidet her eby

m nimze crucl egra

10 parameters: zero defect (2ZD) yield, throughput, and mean
hot cycle times. 1In the art, zero defect yield measures
production efficiency in terms of the number of inches of
dislocation-free single crystal silicon ingot produced
per kilogram of polycrystalline silicon starting material

15 consumed {in/kg). Throughput measures temporal
efficiency as the ratio of the number of inches of
dislocation-free single crystal silicon ingot produced
relative to the total cycle time (in/hr). Finally, the
mean hot cycle time is the average total time that the

20 crystal puller heaters are energized per cycle (hr).
Accordingly, high 2ZD yield values, high throughput
values, and low mean hot cycle time values are
preferable.

EXAMPLE 1
25 In a first set of experimental tests, sixty-
nine 100 kg molten silicon melts were prepared: forty-
seven from pure chunk charges; twelve from pure granular
charges; and ten from mixed charges. Each of these
molten silicon melts were used to produce corresponding
30 single crystal silicon ingots. Data was collected to
determine the zero defect (ZD) yield, throughput, and
mean hot cycle time parameters for each of the silicon
melts prepared.
Table I shows normalized average values for
35 each of these parameters for the molten silicon melts



Thé type and hydrogen concentration of the granular-polycrystalline silicon
used in the preferred enbodi nent of the present invention is not critical
as 15 |l ong as the feed rate and other process paraneters are controlled
to ensure adequat e dehydrogenati on. The present invention is advantageous
over prior art nmethods with respect to 1de ability to use granul ar-
polycrystalline silicon having a w de range of hydrogen 20

concent r at i onprepasieddifmgrc graenohankonpune graavder 5@d ppined Preferably,

t he hydrogen r at Pl & aII| Id fed
onto the expo%ggggg%eltgggbg%g%gﬁgg&%%%kgegiq%bon s?’fﬁ%ﬁﬂa ght 400
ppma, nore pr 8PeflBl pVEEFage Nl uws0 opfrdnesh £reps cups Coﬁﬁéﬁéﬁébﬁpﬂ &€ t han

about 20 ppmapulRef ehunkd chewded .Fi gures 2 and 3, the
granular-polycrystalllne silicon 40 is, in one enbodinent, fed onto the

exposed upnel ted poly, l'in %ﬁ% ggg lz glass feed
tube 42. gl’l or to 30 f%a%urlﬁ%gcm 18&}\ f g%lg‘? ycrystal l'ine
silicon, the=ftaed tubg 42 ig npvably nogitionaod guer tho conte

crUC|bIe 20 Jland dlrectly above the center 1&Hg§th§YEﬁposed unnelted 7
pol ycrystallfine silicon 11. Feeding commences when the partially neltew

charge is fdrmed, as 35 defined eaplibgr. The guaaul ar-polycrystalli e
silicon 40 florns parRAmE@RE 44 over thguﬁﬁrface 13rahut Be expomegded
= e ——————

____1
1.0 . 1.203

ZD Yield
10 (in/kg / in/kg)

|
Throughput : 1.0 . 1.290
|

(in/hr / in/hr)

" Mean Hot Cycle
Time
15 (hr/hr)

* Values normalized to the average values obtained using
pure chunk loadings for 100 kg melts.
Example 1 clearly demonstrates the relative
merits of the present invention. As shown in Table I,
20 the production of single crystal silicon ingots from a
molten silicon melt prepared using a mixed charge
according to the preferred methods of the present
invention offers a 20% increase in zero defect yield and
almost 30% increase in throughput over melts prepared by
25 conventional methods from pure chunk charges. Likewise,
an almost 8% reduction in mean hot cycle time was
realized as compared to conventional methods from pure
chunk charges. The example also demonstrates that the
use of pure granular charges to form a silicon melt
30 according to the present invention are a less preferred

embodiment.



12 unnelted polycrystalline silicon 11, with the slope of the island 44
equal to the angle of repose for the granul ar-polycrystalline silicon 40.
For the granul ar- polycrystalline silicon available fromAl benarle, the 5
angl e of repose is approximtely 31 degrees. While the granul es of

granul ar-pol ycrystalline silicon 40 aree7esident on the island 44, the
tenperature of the granules rises quickly to result in rapid

dehydr ogenati on before the granul esEBAMBRB Rmmersed in the nolten silicon
10 16. Dehydrogenati f r I | |

ef fected under the sanqu 3 s %gghgg%hg% g %é %%%g%g Egsa%éaﬁﬁgrgﬁﬁer an
i nert gas, asfave maé@#nlﬁlﬂnsoarmeﬂﬁs peapaprs@ayedlcﬁwenﬁyt51xnf@@m
cruci bl es. Aftgp ﬁ%hi’:ﬁ&gg%ﬁﬁhko@ha&%@shYQBQQe'%r!:ﬁl IZ?OE§ p&&at 5249n8h

granules is less than the saturati ol concentraiion o ogen=in SIFICOH
at the nePtin§hpEERE ofNg Fl¥enLrPRamixed chargghcErtAdiling é?°h¥§rogen

after dehydrogaaat bgnthaséeﬁaltaansimaaa &@1@3%@9@ Q¥eldt th. pBeahctehe si de
and bottom heaters 30

E g gr % i ur|n the é gdln
granular-poly89§§?§PPPﬂén§|Fﬁ@g e45r3ﬁ 8-t fé é?ﬁBséﬂg fiffel t Bta was
pol ycrystal |l i peldkkiedntdéldetrrinioeptbéereed deliedtn¥dD) yheldower |evel of

h de h 6 0 i h
after feed ng rEoagnbebcaaliesholblOpyiNe; ipHCpEYSARREEK, EBE KRB O
approxun&@elythaoshémcgn melts prepared.

Table II shows normalized average values for
each of these parameters for the molten silicon melts
prepared from pure chunk, pure granular and mixed
charges. Values presented in Table II are normalized to

15 the average value obtained from runs conducted for the
pure chunk charges.

TABLE II - 120 kg MOLTEN SILICON MELTS"

CHARGE TYPE

Pure Pure
20 Chunk Granular Mixed
I PARAMETER (100 kg) (120 kg)} (120 kg)
ZD Yield
i {in/kg / in/kg)
Throughput
25 {(in/hr / in/hx)
Mean Hot Cycle 1.0° 1.167
Time
(hr/hr)

*

Values normalized to the average values obtained using
30 pure chunk loadings for 100 kg melts.

Example 2 also demonstrates substantial
advantages over conventional methods in terms of zero
defect yield (25% increase) and throughput (14%
increase). Further, these improvements in zero defect



after feeding is commenced. The power |evel of the bottom-heater 34 remains
constant at 30 kW As shown in Figure 3, the conbined effect of the
continued heating during feeding of granular-polycrystalline siliconis to
30 result in a solidified silicon mass 46 form ng underneath the island
44. In the preferred enbodi nent, the salg8dified silicon mass 46 conprises
bot h chunk- polycrystalline silicon fromthe initial |oading and

gr anul ar - pol ygryesidaldrichdheidughputt mge triea limede wiftde diheg resultd nigeaviliy
conti nues at jy3al I {i t I OfcrRidkd con mass
desired in thtebtéﬁ'ln%gtltdds?llia{: me Ea?hgs% ygggl%hlﬁgggr?%ﬁ&ﬁeccr uci bl e 20.
For a 100 kg #@88inglt mass in which 55 kg of chunk- 5 polycrystalline

silicon was used for they nisighd! JoageNgietdd el Hestraptidhr B ¥eeystal line
silicon 40 must be charged through the feed tube 42. However, |arger total

charges may al&yepE 1AL ance Fhth &*EmPHEes: PFESRTE-esh 3R Cac dbnFsda® t he

addi tional siappaediRitied fiata thel segekdl dfleditaRIfl tiRSInventhorolare
granul ar-polycrystalline silicon is charged in the sane manner as descri bed
above. In the%&@gﬁdéd enbodi mrent at the optinmal feed rate, about 4.5 and
6.5 hours are required tlhef esgplamattdons add kg lastri20ong poeslenteld nass,

respectively. pabl8h Ghe intended to acquaint others skilled in the art
10 with the invention, its principles, and its practical

application. Those skilled in the art may adapt and
apply the invention in its numerous forms, as may be best
suited to the requirements of a particular use.
Accordingly, the specific embodiments of the present

15 invention as set forth are not intended as being
exhaustive or limiting of the ‘invention.
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. 15° feedlng of granul ar-polycrystalline silicon 40 is conplete, the_ feed
tube 42 can be. positioned away fromthe center of the—Trucible 20 to all ow

for crystal pulling. At this point, as shown in Fig t“‘“m\ﬁl f the
silicon in the crucible 20 is molten silicon 16, 20r“ m“ ely
smal | er anmount of solidified silicon nmes® 46 renai ni Rg. ¢ The

granul ar-pol ycrystalline silicon and the unnelted polycrystalline silicon,
col l ectively &emmliadimmg t he solidified silicon nass 46, are further nelted

to 25 forma nolten SI I|c <:tess %15%(1)%%3! %ur Ej’r tp?n(?rﬂl Elen

silicon nelt conprises 0096 en silico pre erre odi ment
the power |evsiligen Ha & @Wh@oththm gromnah@ Fngdee qmanaeln ned
at 155 kWandg39ikWh regRecidywehne dRcehbasikiatechia,fivial glddda in

approximately 1/2 hoyr. = Accordingly, the total tine reqU|red to forn1a 100
kg mol ten sil CEBR*HEFS approxi mately 10 hours. For a 120 kg nolten

silicon melt, approxi mat@)y ¥orkdugsal parequiligdmelted @Hadyendnexanpl es
illustrate the 35. %rlnﬁgfles an adva %? es of the invention.

£ 1 14
EXAMVPLES Mbl t SKSHPE PETEIALLY, BE GPArge comprising wolten
silicon having an upper surface and unmelted

polycrystalline silicon exposed above the upper surface
of the molten silicon;
10 (b) feeding polycrystalline silicon onto the
exposed unmelted polycrystalline silicon; and
' (¢} melting the unmelted polycrystalline
silicon and the polycrystalline silicon fed onto the
exposed unmelted polycrystalline silicon to form a pool
15 of molten silicon. |

2. The process as set forth in claim 1 wherein
the partially melted charge is formed by locading chunk
polycrystalline silicon into the crucible and melting a
portion of the chunk polycrystalline silicon and wherein

5 the ratio of molten silicon to unmelted chunk-
polycrystalline silicon in the partially melted charge
ranges from about 3:2 to about 4:1 by weight.

3. The process as set forth in claim 1
wherein the partially melted charge is formed by loading
chunk polycrystalline silicon into the crucible and
melting a portion of the chunk polycrystalline silicon

5 and wherein the polycrystalline silicon fed onto the
exposed unmelted polycrystalline silicon is granular
polycrystalline silicon.
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. coriventional nethods and the nmethods of the present inventiom were-used to
produce single crystal silicon 5 ingots by the Czoc ta was
collected to evaluate the rel ative perfornmance of tngi}m mmm melts
prepared by the various nmethods. In each of the exanpli es presente el ow,
nolten silicon nelts were prepared usingothree different types 10 of

charges and nethods. First, nolten silicon nelts were prepared from
pol ycrystal l'ine silicon £harfes mq:ﬂs';simg 90 % attimkimpot Vi s3 ablhérein

l'icon by conygnhtj @i%l ﬁ)&i I pol ten
:: I : con rr)él ts were a?c;é rom po cr%é]pe?ﬁr%c A%@Ac%%lc aér%]éjsca%
conpri si ng 1009%a Lﬂr&?O gots ceyas ple riéo sthe ranwkbur dokycxystellioss
preferred e”b%ilnﬁﬁn %ed Snd¥ e@f?é‘te:kéky S8 1 @1t & ’p%%&%&ﬁbl%ﬁé‘d' ng of

apprOX|nater 50 kg granul ar l ycrys |1 ne silicon ance being
granul ar - pol ycylsk %I?llf?élgﬁﬁl faRPYth & oo aheRicht step). Finally,

nolten silicon nelts were prepared from m xed pol ycrystalllne silicon

charges conprising appr qQxi el y 55 kg chunk- stalline silicon and
t he bal ance granul ar - poﬁ%(/'cr QIFFE Iar%oﬁ?‘gcéc%? g (oL e iRy

nmet hods of the‘_hﬁ epEriulzy poltymmstmﬂ.lnilanesehtduméoaﬁﬁg efeshtorypashef

char ges and thgi S%if%{n@l%%élghr?%fa. O AR ’stﬂharogqetsl:e({)nﬁegﬁ{ﬁt (;,l,resrsef erred

to as "pure chu pure gran

respectively. thea ahanShonNe dtydnagesyen i n the granul ar -

6. The process as set forth in claim 3 wherein
the granular-polycrystalline silicon resides on the
exposed unmelted polycrystalline silicon after it is fed
onto the exposed unmelted polycrystalline silicon and a

5 portion of the granular-polycrystalline silicon
subsequently becomes immersed in the molten silicon, the
granular-polycrystalline silicon being fed onto the
exposed unmelted chunk-polycrystalline silicon at a rate
which is controlled such that the temperature of the

10 granular-polycrystalline silicon rises to about 1200°C
for a period of at least about 10 seconds while the
granular-polycrystalline silicon resides on the exposed
unmelted polycrystalline silicon.

7. The process as set forth in claim 3 wherein
the granular-polycrystalline silicon is fed onto the
exposed unmelted chunk-polycrystalline silicon at a rate
ranging from about 5 kg/hr to about 15 kg/hr.

8. A process for preparing a pool of molten
silicon in a crucible for use in growing a single crystal
silicon ingot by the Czochralski method, the process
comprising:

5 (a} forming a partially melted charge in a
crucible, the partially melted charge comprising molﬁen
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- 30° polycrystalllne silicon typically varied fromabout—11 ppna to bout
28 ppma with no detectable inpact on the results. Fur m\“@ of

the m xed charge test runs, a full-length crystal ma “ﬂﬁ

granul ar- polycrystalline silicon with a hydrogen co nnratloh 35

about 400 ppna. This crystal had no dexectable differences with respect to

essential characteristics as 15 conpared to the crystals produced using
granul ar- pol pédjson haydng lanc swppsint surface h@dr@g@ﬁl@@dcentratlons

A though the g gr@ﬁst&Q.'l)i%'é 539 ol B oldleth BhooiedaBeUpEaY! SRl faRaul t od
In an |ncreased ensi very snal 't con droplets above the I nal
nel t positionS& “Gﬁ&@ﬁbﬁé%ﬁﬂqﬂ, zero defect crystal growth was not
affected.yol n each of the(bt)xarflele@angdg&enweaxcebllge&@eteq1§hepe&t11con
cal cul ati on of the Ilomnn% per f or.mance er% ﬁgeters zero defect (ZD)
yiel d, througf) d SFPRF o LABpdted: P é’c Fretding: Si1iF8ndef ect yiel d
measur es productlon effNcneneﬂlbmlhgrtheo§rehalam#beﬂyetysnah&inef
di sl ocation-fr g r SI| on kKilo
ol yer yst ol 11 REATPROES ERRIER, B khe Rxpodan SBRIRRE BRivrystaifife
Thr oughput neaguae§emeﬂpatareeﬁhdcﬁemcy pertibd p4t komef sufi§indeher fofr
inches ohs  hydrogen to diffuse from the granular-polycrystalline
silicon; and
(d) melting the unmelted polycrystalline
silicon and the granular-polycrystalline silicon fed onto
the exposed unmelted polycrystalline silicon to form a

20 pool of molten silicon.

9. The process as set forth in claim 8 wherein
the temperature of the granular-polycrystalline silicon
residing on the exposed unmelted polycrystalline silicon
rises to about 1200°C for a period of at least about 10

5 seconds while the granular polycrystalline silicon
resides on the exposed unmelted polycrystalline silicon.

10. The process as set forth in claim 8
wherein the granular-polycrystalline silicon has a .
hydrogen concentration which is reduced to less than 1
ppma while the granular-polycrystalline silicon resides
5 on the exposed unmelted polycrystalline silicon.

nmﬁ t‘iitti‘ mt‘““‘




di 5l ocation-free single crystal silicon ingot produced relative to the
total cycle tine (in/fhr). Finally, the mean hot cycle tine is the average

total tine that the 20 crystal puller heaters are energi zed per cycle

(hr). Accordingly, high ZD yield val ues, high throughput val ues, and | ow

~mean hot cycle tinme values are preferal¥2e. EXAWMPLE 1 25
experinental tests, sixty- nine 100 kg nolten silicon nelts

first set of

were prepared: fort METHROR:FOR @rﬂﬁ?@r&ﬂ{ﬁlm&%%ﬂm from pure
granul ar charges; and FROM BOLFCRLSTALIANEY SILICON, CBIARGFese nolten silicon
melts were used to produce correspondi ng 30 single crystal silicon
i ngots. Data was collected to determne the zero defect (ZD) vyield,

t hr oughput ,
mel ts prepar

2g£§£§g§$hot cycle tine paranmeters for each of the silicon
= | shows normalized average val ues for 35 each of

t hese paraneters for thR ppbtesssfbrcprepering a mblperpsaiticbhomepyr e

chunk, pu%e
normal i zed t

chunk charges¢rystal silicon by the Czochralski method is disclosed.

10

15

20

Polycrystalline silicon is initially loaded into a
Czochralski crucible, and melted to form a partially
melted charge which includes both molten silicon and
unmelted polycrystalline silicon. The molten silicon has
an upper surface above which the unmelted polycrystalline
silicon is partially exposed. Granular-polycrystalline
silicon is fed onto the exposed unmelted polycrystalline
silicon in a manner sufficient to allow the granular-
polycrystalline silicon to dehydrogenate while it is
resident on the surface of the unmelted polycrystalline
silicon and before it becomes immersed in the molten
silicon. The granular-polycrystalline silicon and the
unmelted polycrystalline silicon are then fully melted to
form a molten silicon melt. The method results in
improved zerxro defect yield, throughput and mean hot cycle
times during the production of single crystal silicon
ingots.
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5 © TABLE | - 100 kg MOTEN'&TH CON MELTS* CHARGE TYPE Pure

Pur e PARAMETER Chunk G anul ar M xed ZD Yield

1.0 0.971 1.203 10 (in/kg / in/kg) Throughput

1.0 0. 783 1.290 (in/hr / in/hr) Mean Hot Cycle 1.0
1.351 0.923 Tine 15 (hr/hr) Values normalized to the

aver age val ues obtai ned using pure chunk | oadings for 100 kg nelts. Exanple
1 clearly denonstrates the relative nerits of the present invention. As

shown in Table I, 20 the production of single crystal silicon ingots from
a nolten silicon nelt prepared using a m xed charge according to the
preferred nethods of the present invention offers a 20% increase in zero
defect yield and al nost 30% i ncrease in throughput over nelts prepared by
25 conventional nethods from pure chunk charges. Likew se, an al nbst 8%
reduction in ﬁﬁkzshot cycle tinme was realized o] red to conventi onal
nmet hods from” chdnk charges. The exanpl e *:Z g;ggnstrat that the use
of pure granul ag. £Barges to Zdyna sjlicon nelt 3

accordi to.t he
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17 EXAMPLE 2 In a second set of experinental tests, thirty- five nolten
silicon nelts were prepared: twenty-six from 100 kg pure chunk charges;

four from 120 kg pure granular 5 charges; and five from m xed charges
totalling 120 kg. Each of these nolten silicon nelts were used to produce
correspondi ng single crystal silicon ingots. Data was collected to
determ ne the zero defect (ZD) yield, tfgoughput and nmean hot cycle tine
paranmeters for each of 10 the silicon nelts prepared. Table Il shows
nornal i zed average vMETESDfPORECPREPARINGcROLPENasELECONTRELThe nol ten
silicon nelts prepar edFROMNPOLYERYSPAKLINE SIUICON! enared m xed charges.

Val ues presented in Table Il are normalized to 15 t he average val ue
obtained fromruns conducted for the pure chunk charges. TABLE Il - 120 kg
MOLTEN SI LI CON MELTS* CHARGE TYPE Pure Pure 20

Chunk GABSTRACT M xed PARAMETER .- (100 kg) (120 kg)

(120 kg) ZD Yield A prokdhs for plpa¥fing a morkeaP® i1 UKD eld K9)

5 from polycrystalline silicon for use in producing single
crystal silicon by the Czochralski method is disclosed.
Polycrystalline silicon is initially loaded into a
Czochralski crucible, and melted to form a partially

‘melted charge which includes both molten silicon and

N 10 unmelted polycrystalline silicon. The molten silicon has
an upper surface above which the unmelted polycrystalline
silicon is partially exposed. Granular-polycrystalline
silicon is fed onto the exposed unmelted polycrystalline
silicon in a manner sufficient to allow the granular-

15 polycrystalline silicon to dehydrogenate while it is
resident on the surface of the unmelted polycrystalline
gilicon and before it becomes immersed in the molten
silicon. The granular-polycrystalline silicon and the
unmelted polycrystalline silicon are then fully melted to

20 form a molten silicon melt. The method results in
improved zero defect yield, throughput and mean hot cycle
times during the production of single crystal silicon

N ingots.

Fig 1
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“Thr oughput 1.0 0.612 1.142 25 “(in/hr [ in/hr)
Mean Hot Cycle 1.0 1.538 1.167 Time (hr/hr) * Val ues
normal i zed to the average val ues obtai ned using 30 pure chunk | oadi ngs
fror 100 kg nelts. Exanple 2 al so demomstrates substantial advantages over
conventional nethods in terns of zerodefect yield (25%increase) and

t hroughput (14% i ncrease). Further, these inprovenents in zero defect
yteld and throughput are realized with the resulting nelt being 20% | ar ger
than is possible with a pure chunk loading. In light of the detailed

description of the 5 I nvention and the exanpl es presented above, it can
be appreciated that the several objects of the invention are achieved. The
explanations and illustrations presented herein are intended to acquai nt

others skilled in the art 10 with the invention, its principles, and its
practi cal ﬁﬂ@at(on. Those skilled in thegsérry adapt and apply the

I nvention n”i nunmerous fgrns, as may be Skvted to e requirenments
of a particulaglise. 2
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‘ltw;-a-w Ires.
Accordi ngly, t_h | fic enbodi nents of the preser;i‘_islthwf tsaa §
forth are not | lﬂﬂ”ﬁ ”l”l exhaustive or Ij rn \& %on 1 0T on-s
W claim 1. " eparing a pool h) |3% rint%P £ed ...
crucible for use in growmng a single crystal sill 'L??Ep‘ g t) LAY h#. to paged .2.
Czochral ski nmethod, the process conprising: (a) (f)‘r”?’ﬁ“ gy aPR%RG: i-afq paged .....
melted charge in a crucible, the partial{y nel te a‘Fﬁé cobpgadsi-nip pagaden.
silicon havi ng an upper surface and unnel ted pol ycrystalline
si | i con exposegealkqug f.ne upper surface of the W@AE\%IREEEIFT(WM}K _______
feeding granular polycrystalline silicon onto the exposed Unnerted
pol ycrystal line silicon; 1and @c)proddssigfohe piepeiried Pl yobyStct | nBeten

silicon and the ranular pol ycrystalline silicon fed onto the exposed
unnel ted pol ycﬁ%ﬁﬁéﬁ% A€ & ISEHRIE TR uEp ot FFowing en singtencrestahe

process as set Sf;qn n m [ silicon to
unnel ted chunk: q'p?lafcrygl%g:tl |§g SI I‘?C(r)bnécP%L I}t}éﬂ'ar ﬂegﬁoiéqnefg?’(?d Rh3rgeEs
ranges from abawmp¥izine :about 4:1 by weight. 3. The process as set forth
in claiml wherein

(a) forming a partially melted charge in a
crucible, the partially wmelted charge comprising molten
silicon having an upper surface and unmelted
polycrystalline silicon exposed above the upper surface of

Y the molten silicon;

(b) feeding granular polycrystalline silicon
onto the exposed unmelted polycrystalline silicon; and

{c) . melting the unmelted polycrystalline silicon
and the granular polycrystalline silicon fed onto the
| exposed unmelted polycrystalline silicon to form a pool of

molten silicon.

2. The process as set forth in claim 3 wherein
the ratio of molten silicon to unmelted chunk-
polycrystalline gilicon in the partially melted charge

ranges from about 3:2 to about 4:1 by weight.

3. The process as set forth in claim 1 wherein
the partially melted charge is formed by loading chunk
polycrystalline silicon into the crucible and melting a

portion of the chunk polycrystalline silicon.
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the partially melted charge is formed by |oadi ng chunk polycrystalline
si-licon into the crucible and nelting a portion of theummmlll“"mm‘u“l

pol ycrystalline silicon. 20 4. The process as set f i
wherein the weight ratio of the chunk polycrystalline siliton |dadéd i'nto
the crucible to the granular polycrystalline silicon fed onto the exposed
unnel ted polycrystalline silicon ranges fgom about 2:3 to about 2:1. 5. The
process as set forth in claim3 wherein the granul ar polycrystalline
silicon"being fed onto the expas t Vi I 1i ilic

contains |l ess than aboutHSO g%%ﬁiﬁ§%$%§£ﬁgpégﬁ#ﬁ%h%%%ggg§9§%ﬁée ?%??%l?n
cl ai m 3 wher ei shehewgight! aratiad yeofystiaé | idhurK | polpcrystad19ato &1Bicon
exposed unnel ted chunk-polycrystalline silicon at a rate ranging from about
5 kg/ hr to abodPadsdkdmic the crupibtessof shepraganulay ppbvtrystabling
silicon in a crueci.ble for ;use in grow ng a si.ngle crystal_sjlicon ingot by
t he Czochr al sk?ggﬁé‘?ﬁ%d, g?ﬁe %I?%%eg: ecor?%‘Pf’?leﬁ]g: uf”ﬁ?ige%‘or%? Cﬁi’%‘é?f?hﬁl?y
nmel ted charge kilacehugkbbes ERempabbual bysmebt gBogharge, conprising nolten
silicon havi ng an upper surface and unnel t ed

5. The process as set forth in claim 3 wherein
the granular polycrystalline silicon being fed onto the
exposed unmelted polycrystalline silicon contains less than

(N about 50 ppma hydrogen.

6. The process as set forth in claim 3 wherein
the granular-polycrystalline silicon is fed onto the
exposed unmelted chunk-polycrystalline silicon at a rate

ranging from about 5 kg/hr to about 15 kg/hr.

7. A process for preparing a pool of molten
silicon in a crucible for use in growing a single crystal
silicon ingot by the Czochralski method, the process
comprising:

(a) forming a partially melted charge in a
crucible, the partially melted charge comprising molten
silicon having an upper surface and unmelted
polycrystalline silicon exposed above the upper surface of
the molten silicon;

(b) feeding granular-polycrystalline silicon
onto the exposed unmelted polycrystalline silicon,

{c) allowing the granular-polycrystalline
silicon to reside on the exposed unmelted polycrystalline

at a temperature and for a period of time sufficient for

REPLACEMENT SHEET ]

15 APR 19¢~




pol ycryst al I‘i!5é§?$iﬂm%§bwc above the upper surface of the Tolten—

si-l i con; (b) \" feedrng granuljar- pol ycrystalli ne sili ci Fd'
unnmel ted pol ycr; st:$| f,ﬁe‘g%l ifcgn, (c) allowing th ’!m!’tm'”'"ﬁ”ﬂ,”m

gr anul ar - pol y'.'crtést" P‘ e’stlijcdn to reside on the exposed un?‘re!’t_ed" *

pol ycrystal |l i helLat—a—tefperaturle and for a period of tinme sufficient for

21 hydrogen to diffuse fromthej granul apqpol ycrystalline silicon; and (d)
mel ting the ufmmetted—polrycrystalline silicon and the

ranul ar - pol yckygtadhdh nersi | 4 con.ded %Q;“? t eﬁﬂg ed yn Itg%glj £alls
gol ycrystalli ne}ysi%con to forma pool o rrégﬁe s?’l | gon.rﬁ%& 4 ﬁroclélses as
set forth in céblie@amwhendin the tenperature of the

granul ar-pol ycrystalline silicgon residing on the exposed unnelted

pol ycrystalline silicon Ffi)seé“etl&lasoﬁhelgem%w?i@¢ ??Yifeﬂbd“—%fmdtldqntaﬁt
about 10 seconggg Wy 1l ar I all i i.lico esi des qn e
exposed unnelted \Sﬁg':%/eﬁrystﬁl%%bgilﬁg%%iaéi%e. %?%2882 aé'e et oc?t%l'ﬁen
cl ai m 8 wher ei expdred)namd lared golyicyrstsalalilimesigildeanas FIlE0GRDL of
concentration ich is reduced to less than 1 ppma while the

gr anul ar - pol yd?v%ltiea‘?ﬁ]ﬂe’-%‘i’qi con resides on the exposed

8. The process as set forth in claim 8 wherein

the temperature of the granular-polycrystalline silicon

G residing on the exposed unmelted polycrystalline silicon
rises to about 1200°C for a period of at least about 10

seconds while the granular polycrystalline silicon resides

on the exposed unmelted polycrystalline silicon.

9. The process as set forth in claim 8 wherein
the granular-polycrystalline silicon has a hydrogen
concentration which is reduced to less than 1 ppma while
the granular-polycrystalline silicon resides on the exposed

unmelted polycrystalline silicon.

10. The process as set forth in claim 1 wherein

20% by weight of the granular polycrystalline silicon being

fed into the exposed unmelted polycrystalline silicon has

a size distribution ranging from about 400um to about

1400um.

11. The process as set forth in claim 1 wherein

the crucible has a bottom and the partially melted charge

further comprises unmelted polycrystalline silicon

extending downward from below the upper surface of the




unnel ted pol ycrystalline silicon. 10. The process as set” forth-irn-elat-m-1
wherein 90% by weight of the granul ar polycrystalline Sigyj j

i_.nto the exposed unnelted polycrystalline silicon has %L’!"Haﬂﬂimmmbﬂik)n
rangi ng from aboeut 400[err]mto about 1400[err]m 11. process

forth in claiml wherein the crucible has a bottomand the partially nmelted
charge further conpri ses unnmel ted 2polycrystalline silicon extending
downward from bel ow the upper surface of the 22 nolten silicon to the
bottom of the mduedb| @ila@dnt Neo Cibel bbet tSm hedt eghahidradiba gl aghé althe

polycrystalline siTicon is fed onto the exposed unmelted polycrystalline
silicons crucible is heated while the granular polycrystalline

silicon is fed onto the exposed unmelted polycrystalline

silicon.
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