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invention relates to a process and apparatus for the preparation of single
silicon crystals having a reduced |evel of netallic contam nation. Mre
specifically, the present invention relatles to a process and apparatus for

the preparation of lowiron inmpurity 10 single silicon crystals wherein
structural conponent 3PPARAIHE &MNPsPROCESSWERRC Bl @REFARATTONC hr al ski
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fabrication of 15 sem conductor el ectronic conponents is commonly prepared
with the so-called Czochral ski process. In this process, polycrystalline
silicon ("polysilicon") is charged into a crucible, the polysilicon is

nelted, a s BENSERD b TiEMRLSedTiok0 the nmolten silicon and a single
crystal 20 sitrcon Tngot IS grown by stow extraction to a desired

di anet®er. After fBhewprescnt anveckios ceh@tesetotheprdcaﬁstendof t he
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of the growtdn@rasessabus b@fotleetﬁﬁepé:bleﬁtbcbﬂ o8 Bawtne_dnoimp’akiep 30

silicpp. the erypial fl aneter, must be.Ledvced gradially components in
the crystal growth chamber of a Czochralski crystal
pulling apparatus have a reduced concentration of iron.
Single crystal silicon which is the starting

material for most processes for the fabrication of

15 semiconductor electronic components is commonly prepared
with the so-called Czochralski process. In this process,
polycrystalline gsilicon ("polysilicon") is charged into a
crucible, the polysilicon is melted, a seed crystal is
immersed into the molten silicon and a single crystal

20 silicon ingot is grown by slow extraction to a desired
diameter. After formation of a neck is complete, the
diameter of the crystal is enlarged by decreasing the
pulling rate and/or the melt temperature until the
desired or target diameter is reached. The cylindrical

25 main body of the crystal which has an approximately
constant diameter is then grown by controlling the pull
rate and the melt temperature while compensating for the
decreasing melt level. Near the end of the growth
process but before the crucible is emptied of molten

30 silicon, the crystal diameter must be reduced gradually

to form an end-cone. Typically, the end-cone is formed

by increasing the crystal pull rate and heat suppliéd to



to forman end-cone. Typically, the end-cone is formed by increasing the
crystal pull rate and heat supplied to WO 02/057518 PCT/ US01/50968 2 the
cruci bl ewdhzes7stse di aneter becones smal |l enough, the crpeT/@ko/®9eshen
separated fromthe nelt. During the crystal growh process, ironis
incorporated in the crystals through the polycrystalline 5 silicon charge,
the quartz crucible, and graphite hot zoRe structural conponents such as
the susceptor, heaters, thermal shields, or insulation which control the
heat flow ardimdorheikleci tieemnehe hdieBetergbrarEesf SPAél groWERg crystal .
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increases radially outwardly fromthe central axis to the edge of the

crystal. In a@aﬁat%ﬁu%uralr@@ﬁﬂa@n@aﬁzﬁaﬁv@h agheheoRBEREPEPFON of iron
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the main bo y o an’ i ngot decreases axi al rom-t seed end to the tai
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for a Ionger perlo rme than-later wn i ons “of the i ngot. Heavy
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devices. The initial , . _
the melt and produce iron concentrations which do not
vary along the radial directién of the ingot and/or
wafer. 1In contrast, metallic impurities which evaporate
out of graphite structural components diffuse into the
15 growing crystal from the periphery. As a result, the
concentration of metallic impurities in general, and iron
in particular, increases radially outwardly from the
central axis to the edge of the crystal. In addition to
a radial variation, the concentration of iron within an
20 ingot varies axially. Typically, the iron concentration
in the main body of an ingot decreases axially from the
seed end to the tail end. The axially variation in iron
is due in part to the fact that the earlier grown
portions of the ingot are exposed to the evaporated iron
25 for a longer period of time than later grown portions of
the ingot.

Heavy metals strongly influence the electrical
characteristics of gilicon devices. The initial
electrical effect is the introduction of energy levels

30 near the center of the bandgap of silicon. These levels
may act as recombination centers thus decreasing the
minority carrier recombination lifetime, a material

parameter which strongly influences electrical



electrical effect is the introduction of energy |levels 30 near the center
of the bandgap of silicon. These levels nmay act as reconbi nation centers

t hus decmve@st/oggstshe minority carrier reconbi nation |ifetP@Bysa/ondseri al
paranmeter which strongly influences electrical W 02/057518 PCT/ US01/ 50968
3 characteristics such as | eakage current, switching behavior, and storage
time in netal oxide sem conductor (NCS)3nenDr|es Li kew se, the rol e of
the intermediate energy |evel as a generation center affect, and thus
5 distort, t%@a¥@@§@ré§¥i@ﬁtsvehtage @ﬁbaa@t@urgﬁnés éwléﬁélnﬁ n junction.
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as netallic “preciprta Ing faul'ts or dis ocatlons t orm
the active r&gbon m@mbhﬁesurfamkewissylthenr&mesubsthatE&tefheaéadefects on
the surface have a fatal influence on device gerfornance and yield. In
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i nduced stacking faults in e resulting crystal. In order to reduce
the risk of prysjiahctbanan Hatadbhicwinhucdhies Azrtsenhilyhcearsebe out gassed

by graphite arts located aroupd.the owing crystal, it.is common for
graphite coﬁ%%ﬁ%%?% ﬁFnO?hg ﬁgﬁcﬁoﬁgi?m%8e838§t88 Qﬁkﬁﬁgﬁca protective
barrier |ayepredypicatty, éh@ck@ﬁﬁtﬂéﬁltg bayah siscsthbeenteatbirdembecause

of its relatively high purit em cal stability and heat resistance.
See, e.g., Eﬂncihﬁna@tlve nﬁah@nuonw¢h¢t6urﬁ50ﬁup£kaﬁﬂ1§ﬁa S. Mki, "The
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grown Si ngl e
influence on device performance and yield. 1In

particular, it is known that iron and molybdenum reduce

minority carrier lifetimes in silicon wafers, and copper

and nickel can lead to oxygen induced stacking faults in
15 the resulting crystal.

In order to reduce the risk of crystal contamination
with contaminants which can be outgassed by graphite
parts located around the growing crystal, it 1s common
for graphite components within the hot zone to be coated

20 with a protective barrier layer. Typically, the
protective layer is silicon carbide because of its
relatively high purity, chemical stability and heat
resistance. See, e.g., D. Gilmore, T. Arahori, M. Ito,
H. Murakami and S. Miki, “The impact of graphite furnace

25 parts on radial impurity distribution in CZ grown single
crystal silicon,” J. Electrochemical Society, Vol. 145,
No. 2, (Feb. 1998), pp. 621-628. Silicon carbide
coatings provide a barrier to impurity outgassing by
sealing the graphite surface, thus requiring impurities

30 to pass through the coating by grain boundary and bulk
diffusion mechanisms.

Although graphite substrates coated with a thin
layer of silicon carbide have been used to overcome this

problem to a certain extent, the introduction of “closed”



crystal silicon,"” J. Electrochem cal Society, Vol. 145, No. 2, (Feb.
1998), pp. 621-628. Silicon carbide coatings provide a barrier to inpurity
out gassi mgo byos7swal i ng t he graphite surface, thus requiri PQT/URpAVPES es 30
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by controlling, anong other things, the cooling rate of the grow ng
silicon ingolemgkinget caygl eneraeaperatvirsiangesniedgfechst Weed- abbut t he
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critical temperature ranges (e.g., between about the
solidification temperature, i.e., about 1300°C, and about
1050°C) . Typically, the cooling rate is controlled, in
15 part, by including structural components such as upper,
intermediate and lower heat shields above the melt
surface. See, e.g., U.S. Pat. No. 5,942,302. As a
comparison, for ingot temperatures from about
solidification, about 1300°C, to about a 1000°C, a closed
20 hot zone design typically limits the cooling rate to
about 0.8°C/mm to about 1.0°C/mm whereas a conventional
open hot zone design cools the ingot at about 1.4°C/mm to
about 1.6°C/mm.
In addition to using closed hot zone designs to
25 avoid the formation of agglomerated intrinsic point
defects, single crystal silicon ingots are allowed to
dwell at a temperature between the temperature of
solidification and a temperature of about 1050°C to about
900°C, and preferably of about 1025°C to about 925°C, for
30 a period of (i) at least about 5 hours, preferably at
least about 10 hours, and more preferably at least about

15 hours for 150 mm nominal diameter silicon crystals,

(ii) at least about 5 hours, preferably at least about 10



open hot zone design cools the ingot at about 1.4C mmto about 1.6C/ nm In
addition to using closed hot zone designs to 25 avoid the formation of
aggl oner a¥@d2/031518i Nsi ¢ poi nt defects, single crystal silPCDUSIIYNSS are
allowed to dwell at a tenperature between the tenperature of
solidification and a tenperature of about 1050C to about 900C, and
preferably of about 1025C to about 925C, 5for 30 a period of (i) at |east
about 5 hours, preferably at |east about 10 hours, and nore preferably at
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di ffused i n ps@EBfial 0dpieyest gbdpessatsat2o0 and aggl osetat bennbtem
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15 (i.e., theoweYeusivhely ohetpecehtei hine pofntcHBPERESYS tAI VRSEBh cl osed
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concentratlon of 1ntr1n81c p01nt defects, the number of
point defects which must be diffused in order to prevent
supersaturation and agglomeration from occurring, and the
rate at which the given intrinsic point defects diffuse

15 (i.e., the diffusivity of the intrinsic point defects).

Although closed hot zones effectively reduce
agglomerated intrinsic point defects (e.g., single
crystal silicon grown in an open hot zone design
typically has about 1*10° to about 1*107 defects/cm?®,

20 whereas single crystal silicon grown in a closed hot zone
typically has less than about 1*10° defects/cm’), the
increased amount of structural graphite, the higher
temperatures, the closer proximity of structural
components to the growing ingot and melt, and the longer

25 duration of the pulling process can contribute to the
increased amount of iron diffusing into the grown
crystal. For example, crystals grown in a typical open
hot zone usually have an average iron concentration of
about 1.0 part per trillion atomic (ppta) and an edge

30 iron concentration of about 1.0 to about 1.5 ppta,
whereas crystals grown in a typical closed hot zone

usually have an average iron concentration of about 5 to



typically has about 1*103 to about 1*107 defects/cnB, 20 whereas single
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silicon which is substantially free of "aggl onerated defects. Al rmatter
di scl osed i nis heuboragoiaylpafeae afidagppbineserefsdefscherebPlincor por at ed

herein for all,_purposes, Therefo need. exi I 1 r 10
i ndustry f or "3 et K ﬁsﬁ%?%ﬁgmfPl£ﬁﬁr?ﬁg?gPé gcég?ﬁéglégglggg?ggéggﬁkgc
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the crystal pul | TRgrappteat 8sneeg BRIEESS R eRMIARNANGERT ON

Generghly, tPEyREESENECLNYERLLERBA! fhibhegtied EQrBher reduce the level
of metallic contaminants entering the silicon crystal
during the growing process due to particulate generated
from structural components within the hot zone of the

crystal pulling apparatus.

15 BRIEF SUMMARY OF THE INVENTTION

Generally, the present invention is directed to a
crystal pulling apparatus for producing a silicon single
crystal grown by the Czochralski process. More
specifically, the apparatus comprises a growth chamber

20 and a structural component disposed within the growth
chamber. The structural component comprises a substrate
and a protective layer covering the surface of the
substrate that is exposed to the atmosphere of the growth
chamber. The substrate comprises graphite and has a

25 concentration of iron no greater than about 1.5%10%
atoms/cm® and the protective layer comprises silicon
carbide and has a concentration of iron no greater than
about 1.0*10% atoms/cm’.

The present invention is further directed to a

30 process for controlling the contamination of a silicon
single crystal with iron during the growth of the silicon

crystal. The process comprises pulling the silicon



crystal pulling apparatus for producing a silicon single crystal grown by
the Czochral ski process. Mdxre specifically, the apparatus conprises a
growt h chve@bze5723 and a structural conponent disposed w t ACTVUSHIES0gESOWM h
chanber. The structural conponent conprises a substrate and a protective

| ayer covering the surface of the substrate that is exposed to the
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Other objects and features of the present invention

will be in part apparent and in part pointed out

hereinafter.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING
15 Fig. 1 is a diagram of a silicon single crystal
pulling apparatus.

Fig. 2 is a diagram of an apparatus used to diffuse
iron from graphite and silicon carbide coated graphite
samples into a silicon wafer in order to determine the

20 iron concentration in the samplec.

Fig. 3 is a graph which shows the concentrations of
iron in four different graphite samples when uncoated and
coated with two different silicon carbide layers.

Fig. 4 is a graph which shows the average edge iron

25 concentration as a function of axial position for three
ingots pulled under three conditions, a hot zone
constructed with conventional structural components, the
same hot zone with an extra 50 liters/min argon purge
gas, and a hot zone constructed with low impurity

30 structural components.



15 Fig. 1 is a diagramof a silicon single crystal pulling apparatus. Fig.
2 is a diagramof an apparatus used to diffuse iron fromgraphite and
silicon ow0bteswsoat ed graphite sanples into a silicon wed¢®uUSéwsogssder to
determne the 20 iron concentration in the sanples. Fig. 3 is a graph which
shows the concentrations of iron in four different graphite sanpl es when
uncoated and coated with two different 8ilicon carbide layers. Fig. 4 is a
graph whi ch shoms the average edge |ron 25 concentratlon as a function of
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DETAI LED DESCRI PTI ON OF THE I NVENTION I n accordance with the present
i nvention, iYHES eV iz RSN RRPHP P 15PE 19 Bt e crystal
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hot zone and high purity structural conponents, the ‘concentration of iron
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Fig. 1, there is sho stal II| ra s i ndi cated general |y at
2.gThe 10 aﬁﬁ%?%ﬁtﬁfigﬁé} %9?& ‘ngdgﬁﬁ Hanber 4 and a crystal
chanber 6. Cont airetkmidy mcswycsd aj*:t@romt hehehamersdoins & eiydel cruci bl e
8 which contains nolten polysilicon 26 for growng the silicon single
crystal . A Bulling aprargiist Srbepted (ISP #ite rBi@tion

10 apparatus comprises a crystal growth chamber 4 and a

crystal chamber 6. Contained within crystal growth
chamber 4 is a silica crucible 8 which contains molten
polysilicon 26 for growing the silicon single crystal. A
pulling wire (not shown) attached to a wire rotation

15 device (not shown) is used to slowly extract the growing
crystal during operation. Also contained within the
crystal growth chamber 4 are several structural
components which surround the crucible such as a
susceptor 14 for holding the crucible in place, a melt

20 heater 16 for heating the silicon melt, and a melt heater
shield 18 for retaining heat near the crucible. A growth
chamber with a closed hot zone design may also contain
structural components such as a lower heat shield 31 that
comprises an inner reflector 32, an outer reflector 33

25 and an insulation layer 34 sandwiched between coaxially
positioned inner and outer reflectors 32 and 33,
respectively. A closed hot zone design may also comprise
an intermediate heat shield 35, and an upper heater
shield 36. As previously stated, these structural

30 components are typically constructed of graphite and
control the heat flow around the crucible and the rate of
cooling of the silicon single crystal. It should be

recognized by one skilled in the art that other



15 device (not shown) is used to slowy extract the growng crystal during
operation. Also contained within the crystal growh chanber 4 are several
st ruct ur av0 opaTpnent s whi ch surround the cruci bl e such aBCHUSGIMeEpt or 14
for holding the crucible in place, a nelt 20 heater 16 for heating the
silicon nelt, and a nelt heater shield 18 for retaining heat near the
crucible. A growth chamber with a closel hot zone design may al so contain
structural conponents such as a | ower heat shield 31 that conprises an
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contamination of a silicon ingot grown in a closed hot
zone constructed with conventional structural components.
Edge iron is the common designation for iron
contamination around the circumference of an ingot/wafer.
15 Typically the extent of edge iron contamination is
referred to as “edge iron concentration” which is the
average iron concentration for the annular portion of a
silicon wafer or main body of an ingot extending radially
inward about 5 millimeters from the circumferential edge.
20 The extent of edge iron contamination also affects the
“average iron concentration” which is the average
concentration of iron throughout an entire silicon wafer
or main body of an ingot.
In accordance with the present invention, structural
25 components utilized in a growth chamber comprise a
substrate and a protective layer. The substrate of the
present invention comprises graphite, preferably the
substrate is at least about 99.9% pure graphite, and more
preferably at least about 99.99% or more pure graphite.
30 Further, the graphite preferably contains less than about
3 ppmw total metals such as iron, molybdenum, copper and

nickel, and more preferably less than about 1.5 ppmw.

The concentration of iron in conventional hot zone



zone constructed with conventional structural conponents. Edge iron is the
common designation for iron contam nation around the circunference of an

i ngot / wafveo 02/0%5Bypi cal | y the extent of edge iron contam PET/USEL/30368
referred to as "edge iron concentration” which is the average iron
concentration for the annular portion of a silicon wafer or main body of
an ingot extending radially inward about95 nillinmeters fromthe
circunferential edge. 20 The extent of edge iron contam nation also affects
the "averaggriplhtecreraesafron” 2RprEN2i 8*LAE BFOMEdE™ cbheB@nPPEY| on of

iron throug t ntiy e, sisli er f j.n.ybod inggd. In
accordance aﬁgha?ﬁ%gp%ééeﬁﬁ iﬁggﬁfygﬁp(gfggbgﬁ%gp' Zﬁk%%ﬁggﬁents utilized
in a grow h chacdetrreohpni s€ arosubst aasebahdaaepnekdctinveckaydanc&he

substrate of the resent invention,conprises graphjte, preferabhl e
Subetrate SR | BE P et ah L o SR uBaRirR e ah FOrenneRor Bty of T ety at

| east g@bout 99-8976.q7, Py Waphide B fwWiher 1 theigraphite

preferably contains | ess than about 3 pprmw total netals such as _iron,
nol ybdenum zoppefcahd mave keteferablibme praferzding dest t hak* B®6ut 1.5

ppmw. The co ratio ' [ }&ﬂgﬁ, 2 18
PCT/ US01/ 509 ggﬂ%éaéﬂagﬁf éh?ggbégngggﬁﬁg%%ut .QQ%O %Pgtgﬁégcégégg.o ppmy)
to about 1.4610450%t ersme8mf 0. 05 ppmw). However, the concentration of
iron in a substrate used in acco;%ance with thetpggsent invention is no

n

more than about 1.8%1B¥9t8CLISFstEHBE BPEREFAEI §CndSREFe COffaf UABEGE
1.0%1942 atgesigaBauBBEeapeeliglall YsnexpBEedt hantaboutmdspht@d2 of

atons/cnB, and still nore preferably no nore than about 0.1*1012
atons/ cnB8. the growth chamber comprises silicon carbide, preferably

the protective layer comprises between about 99.9% to
about 99.99% silicon carbide. Preferably, the entire
surface of the substrate is covered with the protective

15 layer. Preferably, the silicon carbide protective
coating contains less than about 2 ppmw total metals such
as iron, molybdenum, copper and nickel, and more
preferably less than about 1.5 ppmw. The concentration
of iron in conventional hot zone silicon carbide coatings

20 ranges from about 0.8 to about 0.5 ppmw. In contrast,
the concentration of iron in the protective coating used
in accordance with the present invention is no more than
about 1.0*10%? atoms/cm?, preferably no more than about
0.5%*10' atoms/cm® of iron, and more preferably no more

25 than about 0.1%10'? atoms/cm® of iron. The thickness of
the protective coating is generally at least about 75
micrometers, preferably between about 75 and about 125
micrometers, and more preferably about 100 micrometers.

According to the process of the present invention,

30 the average iron concentration and the edge iron
concentration in a single crystal silicon ingot grown in
a closed hot zone is reduced by replacing at least one

conventional hot zone component with at least one low-



The protective |ayer covering at |east the surface 10 of the substrate

whi ch is exposed to the atnosphere of the growth chanber conprises silicon
carbi de, woet/ey7atsly the protective |ayer conprises bet weRPaT/@baf0969. 9% t 0
about 99.99% silicon carbide. Preferably, the entire surface of the
substrate is covered with the protective 15 layer. Preferably, the silicon
carbi de protective coating contains |esklthan about 2 ppnw total netals
such as iron, nolybdenum copper and nickel, and nore preferably |ess

t han about 11BPRHpHIPLTHEY copERPRERE| epnsbructed in ¥bAvVenfi BRal hot zone

silicon carbg LN Or bo 8 oyt - ppmw. I n
contrast, ?"F]e ec%%@% t?éafgbh ]glplg:égolﬁélgn ?he"f%}ﬁ‘g‘fel&%.%%?cgé .8%5 used in
accor dance wvittethedpiesemntat nelehéldn tlse nbnnereréhdactabouthd. 6#46812

atons/cnB, preferably no_nore than about _0.5*1012 atops/cnB of iron, and

more pref er aBFyL FO- or 2RO5C R ahiabbat 10 123983 af ohBECHBWEE PFBR. The

thickness ofgnidieg profesthyg: £081hog: | shoe08r alihyeat 11,8ash 2BRUt 75
m cronmeters, preferably between about 75 and about 125 mcroneters, and

mor e pref er abigpabout an@Oumpper oesel st idecohteéhd) t o Mheeprocess of the

pr esent invesnti on, . t he_average iron cgncentraﬁ(i on_and th@ egge)iron
concentr at i orP?%l%l%%e S sHAT s PR T AGbY gl oWRT RS 87 5989 hot zone
i's reduced bin regpd agifglatcieasil 08€1 i 66RVEest FeaateBObyzgaengogponent with
at least one | ow WD 02/057518 PCT/US01/50968 11 iron inpurity conponent
const ruct ed 19734 RNDfLoWel ropr BERRRHLY eSHructipbet @eEperentpperaheat er

SIS, | R Do sih ety Lafobates Geld SpLaty LboygULer gt oot
shield, upped5ti3ufatian least about 80 hours of the growth process

and is within about 3 cm to about 5 cm from silicon melt
or the ingot. It has been observed that the average and
edge iron concentrations decrease with increasing numbers

15 of such low-iron structural components within the growth
chamber. Thus, preferably more than one conventional hot
zone component is replaced with a low-iron component.
For example, it has been observea that silicon
ingots/wafers having an edge iron concentration below

20 about 5 ppta and an average iron concentration below
about 3 ppta are produced by replacing at least the
following six conventional components with low iron
impurity components during the ingot growth process: the
upper heater, the upper heater shield, the intermediate

25 heat shield, and the inner reflector, the outer reflector
and the insulation layer of the lower heat shield.
Preferably, the edge iron concentration is below about 3
ppta and the average iron concentration is below about 2
ppta, and more preferably the edge iron concentration is

30 below about 1 ppta and the average iron concentration is
below about 0.8 ppta. Preferably, two additional
components are replaced: the upper insulation support,

and the upper insulation shield. More preferably, all



support, and upper insulation shield). Mire specifically, the iron
concentration (average and edge) in the single crystal silicon is reduced
by usi ngvao 02088t one |owiron inpurity structural conpoR€MUSIS086810

| ocation in which the conponent will reach at |east about 950C for at

| east about 80 hours of the growth process and is within about 3 cmto
about 5 cmfromsilicon nelt or the indtﬁ. It has been observed that the

average and edge iron concentrations decrease with increasin ncl)mbers 15
of such | ow5%0# BiFakt CPBPORIMHD ekt Gh WedFh 2hel P APOERaPDRFC Thus,

preferably nmpre 1hap, 9 &B&M@”%b%r%%f E}?é‘e%%&%’ﬁngfl%ﬁéésr haged with

a lowiron conponent. For exanple, it has been vbserve at silicon
i ngot s/ waf ersi e rgoant edlgemi tonalbont eht cat foombehowsi20caboueld ppta and

i tration bel about, 3 ta, are produced by replacin
at least t T TE T THP S| X € oRR T onat ™ Bompohert SUFBRT 6 i ron 1 mpuri Ly

conporgent s did e d el | deRboEOME h process: the upper heater, the upper
heater shield, the internedi ate 25 heat shield, and the inner reflector,

the outer reflector and the insulation |layer of the |lower heat shield.

Preferably, Igépi%g%eoﬁgon concentration is bel ow about 3 ppta and the

average iro ion is below about 2 ppta, and nore preferably the
edge iron concentkatused iseB3dibel tve abollowipptphemske$ her avermgeshabh

concentratiqgn.is . .bel ow about 0.8 ppta. Preferably,.two, additional
components ar8's SHIRCEHET NSRBI | neifal PO Suppot et andc (e Upper
i nsul ati on sivfdaks'MmeaprédBsabd yoadaddd WAL 0269 5T 8r&£263¢ US0 14 5 08168ch 12

structyral comonents bl ehreach ot |easto29u 990G, TLoR" L eask, Ahout

defects, gate oxide integrity defects, crystal originated
particle defects, crystal originated light point defects,
and other such vacancy related defects, or (ii) by the
reaction in which self-interstitials agglomerate to

15 produce dislocation loops and networks, and other such
self-interstitial related defects; "agglomerated
interstitial defects" shall mean agglomerated intrinsic
point defects caused by the reaction in which silicon
self-interstitial atoms agglomerate; "agglomerated

20 vacancy defects" shall mean agglomerated vacancy point
defects caused by the reaction in which crystal lattice
vacancies agglomerate; "substantially free of
agglomerated intrinsic point defects" shall mean a
concentration of agglomerated defects which is less than

25 the detection limit of these defects, which is currently
about 10°® defects/cm®; "radius" means the distance
measured from a central axis to a circumferential edge of
a wafer or ingot.

The present invention is further illustrated by the

30 following examples which are merely for the purpose of
illustration and are not to be regarded as limiting the
scope of the invention or manner in which it may be

practiced.



Wi thin about 3 cmto about 5 cmfromthe silicon nelt or grow ng ingot are
replaced with lowiron inpurity 5 structural conponents. Definitions As
used her avap2/031818f ol | oW ng phrases or terns shall have thepCThUS@SAEani Ngs:
"aggl onmerated intrinsic point defects" nean defects caused (i) by the
reaction in which 10 vacanci es agglonerate to produce D-defects, flow
pattern defects, gate oxide integrity défects, crystal originated particle
defects, crystal originated |light point defects, and other such vacancy
rel at ed def Bsegpler 1(ii) by the reaction in which self-interstitials

S IREERER ¢y e e ey

- ' r , s
shal | nean fgggl%r?é} ey i K8 T osp%?n °%e o?(i:%s %%&uééidfijy d’f%ép?lg%ﬁ%on in
which silicon self-interstitial atons aggl onerate; "aggl onerated 20

vacangy def ects” ashakli Ran 1agaoBRA eV AN ITY exiefrctss caused by
the reaction in which crystal lattice vacancies aggl onerate;

"subst ant i alopifoee weff eraggico giasatdd fustiomdic T tSaas&ds't)sifal | nean a
concentration _of, aggl one d ts .\whi i dhe detection
limt of th?ggnggﬁgctgﬁap\?\ﬁ'}t%h Sggntpgﬁér S"’é\f%ﬂo% a%a)utetﬁ%()% gefﬁt s/ cnjﬁqg"' r adi us"

means the dixst amee stRR@BUWERdapthtae cenritel witis id iaai raanifistentical edge
of a wafer or ingot. The present invention_.is further ililtthstﬁr. ted by the
I

30 fol | owi nGU@Raisited W cithgr & Trscay ﬁ)’:rapt‘ﬁz:emﬁo&d%eéi of 4tion and
ekt | oA SRR it ROtk adan s mmer I

coated with gilicon carbide from supplier C. The samples
were coupons about 50mm x 50mm x 25mm in size. A fused
silica mask was utilized to separate the monitor wafer
from each test sample. Four holes in the mask allowed

15 the monitor wafer to be exposed to gases generated from
the sample materials. Referring to Fig. 2, each test
stack consisted of a monitor wafer 50 for measuring the
amount of iron transferred via diffusion, a fused silica
mask 51 on.top of the monitor wafer, and a sample 52 on

20 top of a hole 53 in the mask. For each run, one wafer
was used as a background sample and did not have a mask
or samples on it.

Each of the samples were tested to measure iron

diffusivity to the monitor wafer at three different

25 temperatures: 800°C, 950°C and 1100°C. The samples were
held at atmospheric pressure throughout the two hour heat
treatment, and a stream of argon gas over the wafers was
maintained.

After each heat treatment, the wafer was sliced into

30 quarter sections; each section containing the iron
diffused from each sample. The minority carrier lifetime
was determined for each wafer section and the background
wafer. The minority carrier lifetime was used to

determine the amount of iron present in the silicon wafer



13 Exanple 1 Determ ning an Acceptable Concentration of Iron Inpurity in
Cl osed Hot Zone Structural Conponents 5 A horizontal furnace tube was used
to exposav@o02/evnist or wafer via gas diffusion to four sanpPe€BUSA)50968
standard graphite sanple wthout any protective coating; 2) the standard
graphite coated with silicon carbide from supplier A, 3) the standard
graphite coated with silicon 10 carbide ¥ om supplier B, and 4) the
standard graphite coated with silicon carbide fromsupplier C. The sanples
wer e couponsusibettBOnsmrESO0mPRoRoVA taisi technigusedeveilpped hHsk-was

ilized h ' fer. hol
' e mask ARG 15 (RECAONE € YCRAT b o Be- BepBoaa"Pe BheaBbUlRerat od

from the sapmyeism} evdBl s67Relepoong pp. F6Yc4267pach rret minbatkyconsi sted
of a nonitor wafer 50 for neasuring the _anmount of iron transferred via
di ffusion, £36EkA stifeblimendrssCRRLESP BY LReCRbANEoF2WALEFS aRHCa

sanple-52 o ; it r , rwas
used g% a bggégr%ﬁﬁhgégﬁ%?gégn%§%$gen%? ﬂ%@ésagﬁaéﬁgﬁgréggngpggrgﬁkgt. Each
of the sanpliEseiwréetagtied nonireasing thenchdngéusnvihyg sortheenonitor

wafer at three different 25 _tenperatures: .800C,, 950C and 1100 The sanpl es
were held dﬁh%ﬁﬂﬁgﬁm%$?cegfgggure%%ﬁrﬁﬂﬁﬁ%ﬁ? ?HBF?&B?E%%F gggﬁnlEHSatnent,
and a stream 9f1 AP Hase Y et i tenwehegSoragea BB Dhgi BEGriskt er each heat
treatment, the wafer was sliced into 30 quarter sections; each section

cont ai ni ng tdef fushon dl ¢ngskdandoihseashasauphee mhehAtingert fhearri er
lifet{ge wag det LOLIGd LoL:82E0oNaE8" 5 386 1 AN #Dd bhe, B2ekgr oundle
method is based on the fact that, in silicon, iron atoms
react with negatively charged boron acceptor atoms to
form Fe-B pairs. Typically, the Fe-B pairs are generated
by annealing the samples at about 70°C for about 30
15 minutes. When heated, a portion of the Fe-B pairs
disassociate and generate interstitial iron (Fe;) defects.
All the Fe-B pailrs disassociate, however, with
illumination using a 250-Watt tungsten-halogen lamp.
See, e.g., J. Lagowski, P. Edelman, O. Millic, W. Henly,
20 M. Dexter, J. Jastrezebski and A. M. Hoff, Applied
Physics Letters, vol. 63, (1993), pp. 3043-3045. The
concentration of iron in silicon is determined by
comparing the minority carrier lifetime values at the two

states set forth in the following equation:
25 [Fel=(0.7/A)x(10%)x(1/L,*-1/1L,%) (1).

I, and L, are minority carrier diffusion lengths in
microns before and after the dissociation of Fe-B pairs,
respectively, and A is the fraction of Fe-B pairs

dissociated during thermal activation.



wafer. The mnority carrier lifetime was used to determ ne the anmount of
iron present in the silicon wafer WD 02/ 057518 PCT/ USO1/ 50968 14 using the
surface phovDeIFt8ai ¢ t echni que devel oped by G Zoth and WT/Bsoigindsz
described in the Journal of Applied Physics, vol. 67, (1990), pp.
6764-6771. The mnority «carrier lifetine was neasured by injecting
carriers into 5 the silicon wafer sanpl eldy neans of |ight and observing
their decay by nonitoring the change in the surface photovoltage effect.
The surface photovoltage technique is the nost sensitive method of
measuring carrier diffusion Iength apd hg @n accurate nmethod for the 10
quantitative evaluation of iron in siftcon wafers. The nethod is based on
the fact that, in sillroangvoloedattawn ar Sacticwiuttaln@gatiorelny: char ged boron
acceptor atons to form Fe-& pai Fencdygh caf | yempdeattex8 pairs are gener ated
by annealing the sanples at about 70C for about 30 15 m nutes. Wen heat ed,
a portion offie Fe-B pairTs d[sassoclate ang generate tnyerstitial _1qon
(Fei) defect FempRrHel e phirs #P%&Ssoci gt e, Ever, [witht00°C
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The results in listed Table 1 indicate that the

amount of iron evolved from a structural component

20 increases with increasing temperature. At present, the
maximum temperature that can be reached by this method is

1100°C; during a typical closed hot zone growth process
structural components can reach about 1250°C for about 80
Results to date, indicate that most of

hours. however,

25 the iron present in the sample coupons come out in the

form of wvapor at 1100°C. Thus, testing a sample at
1100°C in accordance with the foregoing procedures
provides an accurate measurement of the total
concentration of iron impurity within the sample.
30 Using the foregoing procedures, the concentration of
iron in the graphite of four suppliers was determined
without a silicon carbide coating and with two different
coatings.

The results of the test, depicted in Fig. 3,



di ssoci ated during thermal activation. W 02/ 057518 PCT/ US01/50968 15
Table 1 Iron Evolved froma Structural Conponent as a Function of

Tenper at we 02/T33aser at ure 800C 950C 1100C 5 Structura Conpon@stl/0a680ms/ cc)
(atoms/cc) (atoms/cc) Uncoated 1.24*1012 1.35* 1013 1.51*1014 G aphite
Si C coated 9.37*1011 3.52*1013 7.45*1014 10 graphite Supplier A SIC
coated 1.18*1011 9.87*1012 8.98*1013 gridphite Supplier B 15 SiC coated
9.71*1012 9.71*1013 9. 371013 _graphite  Supplier C The results in |isted
Tabl e 1 indi€@a bhatndHertanbimt BT obf evoIVEE $30m vastaott Lkl 10
component 204 5ﬁgg§F ' ' easl ng: r s At S , the
nmr(?rmm tem(:))cek%@atccfjre t a%g%g?]ﬁgfrgg%%g#%}?§h%%%%df?éﬁ 1%? 0C, during a
typi cal cl osatbiotezonehatr ontte prosess. shlswt urld ceospbnsnisdiemte each

bout 1250C f about 80 h : lts to date, h er, indjcate that
TDSt of 25 tHAG (h STESETASTH IR PGB NP SRR P LR  for m of

vapor @t 110({erddBis, thESdhdh@ SAMPHSh advolAYC s8e acgpsdanee mith the
foregoi ng procedures provides an accurate neasurenent of the total

concentrat | GFPafing ¢h ampurraghike P n et srmplle. On the other hand,

the coating may decrease the amount of iron evolved (see,
graphite A, coating Y; graphite C, coating Y; and
graphite D, coating Y). The results clearly indicate

10 that the silicon carbide coating designated X has a
higher iron concentration than the Y coating. Thus, in
contrast to Gilmore et al. at p. 626, to effectively
control the amount of iron contamination in single
crystal silicon grown in a growth chamber having a closed

15 hot zone the concentration of iron in the graphite and

the silicon carbide coating must be controlled.

Example 2

Pulling Single Crystal Silicon in a
Growth Chamber containing Reduced Iron Impurity
20 Structural Components

The concentration of iron impurity in single crystal
silicon ingots grown in a Czochralski crystal puller
having a closed hot zone design constructed with
conventional structural components was compared to that

25 achieved using low-iron structural components.
Specifically, three ingots were pulled under three
conditions, a hot zone constructed with conventional
structural components, the same hot zone with an extra 50
liters/min argon purge gas, and a hot zone constructed

30 with low impurity structural components. The low iron
impurity structural components used in the growth chamber

were the upper heater, the upper heater shield, the



30 Using the foregoing procedures, the concentration of iron in the
graphite of four suppliers was determned wthout a silicon carbide

coati ng amaoxi7mist wo di fferent coatings. The results of pOBRUSE#t0968depi ct ed
in Fig. 3, WD 02/057518 PCT/ US01/ 50968 16 clearly indicate that there is
significant variability in the concentration of iron in the graphite from
the suppliers that were tested. Also, thf results indicate that in some
cases adding a coating may substantially 5 increase the anobunt of iron

evol ved (seelntpupgitat® heabathirld e giappw teeDleebari ngh&) CUERTt he

ot her hand, e i %gzﬂ§ - Q,gg]u of Lr (see,

graphite A ]%‘%)é;telcﬁg&#;&g?ap ?'(tjjéer? : ctglacﬁI?ﬁlg ; gélfd té?%pﬁ?y{v%n‘!%%ﬁ%%ati ng vY).

The results sdiedrdy thei gaper ilbsdhatidhessppocion eadbitde wppéing

designated X has a , higher iron concentration than the Y coatigg. Thus, in
e

contrast to IHoeidt et p. TRRCORGPCRIFRLI PV ePy 1ESHL +BI © amount of

iron contamnatlgn dibSt P Es FEYSIBbusSid iS00 P§OWALbRsTCEF OWMthehamber
having a closed 15 hot zone the concentration of iron in the graphite and
the silicon eeandsgmeraivben ngt nisen ben colee rol 1 econ exuhpie RPreLeFERYESI ngl e

Crystal Silicon.in a owt h anber;.cont ai ni ng Reduced Iron Inpurity 20
Structural doar%eo%e"ﬁ?% %L\{\%o%g;n}frgéi ofi BWSF?QN inpurity in single crystal
silicon ingots grow, i 4 GofBeeds atiski avsysial eye! eronhayi sgraecl osed hot

zone design constructed wt conventional structural conponents was
conpar ed to e¥eRtPLEs aeredyeed uss Hed | BveRdaRd strdchigll PesHpBnBREszone

SpeCifdcaII¥pa£gg€§%igggaﬁcM§5§ 8P|$§gafnggéiﬁbéﬁ? Fig. 4 clearly

shows that growing silicon crystal grown in chambers
constructed with low iron impurity hot zone parts
decreases the edge iron concentration. In fact, the
average edge iron concentration in these crystals was
15 about 50% lower than that of crystals produced using

conventional hot =zone parts.

In view of the above, it will be seen that the
several objects of the invention are achieved and other
advantageous results attained. It is intended that all

20 matter contained in the above description shall be

interpreted as illustrative and not in a limiting sense.



conditions, a hot zone constructed wth conventional structural
conponents, the sane hot zone with an extra 50 liters/mn argon purge gas,
and a hotwaones7ssnstructed 30 with | ow i npurity structuraPCTospoiesst s. The
low iron inpurity structural conmponents used in the growh chanber were
t he upper heater, the upper heater shield, the WO 02/057518 PCT/ US01/ 50968
17 internmedi ate heat shield, the inner r%ﬁlector the outer reflector and

the insulation |ayer of the | ower heat shield, t he upper insulation
support, andﬂﬂﬁé;éb#ééiﬂﬂﬁgulétion shiel d. The concentration of iron in the
5 carbon substrates was about 0.5 x 1012 atons/cnB. The concentration of
iron in the silicon carbide protective |ayer was about 0.1 x 1012

atons/cnB. Fig. 41conparesy$halapelhgngedgpatabusoforhpeeduciystals

produced using standard and hi urit ne as_a function of
el posi t1o0: faoty SiRa e Py etab Er o By, BOF G e rRRbRRE BERarH g own i n
chanbers cqg§ér&&é@@awhghcéﬁﬁkiggﬁ anurlty hot zone parts decreases the
edge iron concentration. fact, % average edge iron concentration in

these crystals was gsoubbuchémb@roméﬂdthan that of crystals produced using
conve I onal Pgt O?Zo?nﬁrleg{ura IC@O gx’eﬁtf: &Dsgggg&erFth k:&'l b I‘B%EH that the

several objec i AVenti on re achiev and ntageous

results attaiigfioet] thel Bteadedrabato@pobnerd aampe&sdﬁgtalsaﬂstnatbe above
description shall be interpreted as illustrative and not in ﬁ limting
sense. WD 023B575 1Br PETFLE02/ 50YBE CIBIYWHMATERS BLAFRED PS: the

substrate that is exposed to the atmosphere of the growth
chamber, the substrate comprising graphite and having a
10 concentration of iron no greater than about 1.5%*10%
atoms/cm®, the protective layer comprising silicon carbide
and having a concentration of iron no greater than about

1.0*10%? atoms/cm?.

2. The crystal pulling apparatus as set forth in
claim 1 wherein the concentration of iron in the

substrate is no greater than about 1.0%*10%? atoms/cm’.

3. The crystal pulling apparatus as set forth in
claim 1 wherein the concentration of iron in the

substrate is no greater than about 0.5*%10% atoms/cm’.

4. The crystal pulling apparatus as set forth in
claim 1 wherein the concentration of iron in the

substrate is no greater than about 0.1*10% atoms/cm.

5. The crystal pulling apparatus as set forth in
claim 1 wherein the concentration of iron in the
protective layer is no greater than about 0.5%10%?

atoms/cm3.



1. Acrystal pulling apparatus for producing a silicon single crystal
grown by the Czochral ski process, the apparatus conprising: a growh
chanber; vedd2/&57a18st ruct ural conponent di sposed wi t hi n t hePgrostisodeshanber ,
the structural conponent conprising a substrate and a protective |ayer
covering the surface of the substrate that is exposed to the atnosphere of
the growth chanber, the substrate conprl®ing graphite and having a 10
concentration of iron no greater than about 1.5*1012 atons/cnB, the
protective | ayer &onprTkéengrgstatoputhihgdeppandthavangsatcbaceht tati on of

iron no greater,than about . 0*1012 atons/cnB. 2. The.crystal [1in
Apparatus asCLRi™t brYRSTRI™ FBF nFaRGRET 8RR bReOEohESRt 18t FBR of iron in the

substrate i spRetgceaterlipen abond JrO3d842tmnannabens. o31+Ibe crystal
pulling apparatus as set forth in claim1 wherein the concentration of
iron in the a%@m%f@@téﬁ:§ﬁﬁﬂgreater t han about 0.5*1012 atons/cnB. 4. The
crystal pulling apparatus as set forth in claiml wherein the
concentration of iron in the substrate is no greater than about 0.1*1012
atons/cm 5. The ¢erystaheputysogl appat ahgsappasetuboathsenh fokahmif wherein

the concentratipn of jron,in the rotecti | ayer 1s. no greater than about
051015 atehBT che U BoF 08 B TEL PEaT LRI FERSGES T9O8E Thoter SE0RF -

pul I i ng appaf st usmasnhsek.forth in claim1 wherein the concentration of
iron in the protective layer is no greater than about 0.1*1012 atons/cnB
of iron.

8. The crystal pulling apparatus as set forth in
claim 1 wherein the protective layer is about 100 um

thick.

9. The crystal pulling apparatus as set forth in
claim 1 wherein the protective layer covers the entire

surface of the substrate.

10. The crystal pulling apparatus as set forth in
claim 1 wherein the structural component reaches at least
about 950°C for at least about 80 hours and is within
about 3 cm to about 5 cm of the silicon single crystal or

5 a silicon melt during the growth of the silicon single

crystal.

11. The crystal pulling apparatus as set forth in
claim 10 wherein the structural component is selected
from the group consisting essentially of an upper heater,
an upper heater shield, an intermediate heat shield, a

5 lower heat shield inner reflector, a lower heat shield
outer reflector, a lower heat shield insulation layer, an

upper insulation support and an upper insulation shield.



7. The crystal pulling apparatus as set forth in claim1l wherein the
protective layer is about 75 to about 125 jimthick. 8. The crystal

pul l'i ng apparet’eass as set forth in claim1 wherein the prpCRUSIN®IGSAayer |sS
about 100 j1.m thick. 9. The crystal pulling apparatus as set forth in
claiml wherein the protective |layer covers the entire surface of the
substrate. 10. The crystal pulling apparépus as set forthin claiml
wherein the structural conponent reaches at |east about 950C for at |east
about 80 hours and2i.s Whehicaysglsdurud léma epasadtus em et ol iigon

single crystal _or a silicon_nel uring t.he growth of the silicon single
cryatal o 11, BHaa lae et R At Arat S s “TerCrare IR o

wherein the skfldetedalfroanporert-dup.sel ected fromthe group consisting
essentially of an upper heater, an upper heater shield, an internediate
heat shield, a 5 | ower heat shield inner reflector, a |ower heat shield

outer reflector, g%l owgs h shiheld1insy atd lLayer., i, ispsul ation
support and an upper ins&lat'gn sh#@ﬁ&ﬁ§$&)%%%%§$§%8aﬁt%%68815§09§8 20 12.
The crystal plklimnglappapatiesngs asetl damtt eiight ctaiuotliadompnicsinentat | east

Ssix structural _conpanents el ected fromthe group. 13. The crystal pulling
appar at us ass§&FcF8%t rpﬁ't%@aﬁﬁpff'conprising at | east eight structural

conponents selected fromthe group. 14. The crystal pulling apparatus as

set forth in claim1l wherein all the structural conponents which
14. The crystal pulling apparatus as set forth in

claim 1 wherein all the structural components which

during the growth of the crystal reach at least about

950°C for at least 80 hours and are within about 3 cm to
5 about 5 cm of the crystal or a silicon melt comprise the

substrate and the protective layer.

15. A process for controlling the contamination of
a silicon single crystal ingot with iron from a
structural component in a crystal growing apparatus
during the growth of the silicon single crystal ingot,
5 the process comprising:
constructing the crystal growing apparatus with a
growth chamber and a structural component disposed within
the growth chamber, the structural component comprising a
substrate and a protective layer covering the surface of
10 the substrate that is exposed to the atmosphere of the
growth chamber, the substrate comprising graphite and
having a concentration of iron no greater than about
1.5*%10" atoms/cm?®, the protective layer comprising
silicon carbide and having a concentration of iron no
15 greater than about 1.0%10'? atoms/cm®; and
pulling the gilicon single crystal ingot from a pool

of molten silicon within the growth chamber.



during the growh of the crystal reach at | east about 950C for at |east 80
hours and are within about 3 cmto 5 about 5 cmof the crystal or a silicon
melt comwOem0i7Ths substrate and the protective |ayer. 15PCHUPsIGDEESS f or
controlling the contam nation of a silicon single crystal ingot with iron
froma structural conponent in a crystal grow ng apparatus during the
gromh of the silicon single crystal ingaﬂ, 5 the process conpri sing:
constructing the crystal growi ng apparatus with a growth chanber and a
structural conponéft dThgopedogisthias stelte fgreht Hrclsdpber 15 hdistadget ur a
conponent conprising a, substrate.and a_protective |ayer. cqver

surface of 1 hgoggﬁgg:?:&%éotrlhg ilgo&ﬁcr)lgé%etg Sgré—"t%#oslpﬁﬁgqroe %]?egcﬁ%e
growt h chanbehant BBosittbst. natiecergunsidig.gr aphite and having a
concentration of iron no greater than about 1.5*1012 atons/cnB, the
protective layer conprising silicon carbide and having a concentration of

iron no 15 greaten t harhabeHo bl HAlZat arp/ittlin andlild Rehdheisi i con
single crystal ingot froma pool of nolten silicon within the growth
chanber. WO 6Re05PRESNPCHLUSHL LF09ERN AN fhe FROIGES i NS HTIHIh in

claim 15 wheregi c@n nAat] Jron in the substrate is no greater
t han about 1%%9%0f%g§fogé%32%. f#gﬂh {§|3focess as set forth in claim1l15

wherein the concentration of iron in the substrate is no greater than

about 0. 5° 1012 at 9e/ e 18, oA085PEACESE BS-EA!1ROLLD W1 Ahliba ner ein
the concentration of iron in the substrate I's no greater than about
0.1*1012 at ofrkecurncentration of iron in the substrate is no greater

than about 0.1%10!? atoms/cm.

19. The process as set forth in claim 15 wherein
the concentration of iron in the protective layer is no

greater than about 0.5*%10™ atoms/cm’.

20. The process as set forth in claim 15 wherein
the concentration of iron in the protective layer is no

greater than about 0.1%10'? atoms/cm® of iron.

21. The process as set forth in claim 15 wherein

the protective layer is about 75 to about 125 um thick.

22. The process as set forth in claim 15 wherein

the protective layer is about 100 um thick.

23. The process as set forth in claim 15 wherein
the protective layer covers the entire surface of the

substrate.

24. The process as set forth in claim 15 wherein
the structural component reaches at least about 950°C for

at least about 80 hours and is within about 3 cm to about



19. The process as set forth in claim15 wherein the concentration of iron
in the protective layer is no greater than about 0.5*1012 atons/cnB8. 20.
The proces@ozes7sst forth in claim15 wherein the concentP@r/iuse/3P6s ron in
the protective layer is no greater than about 0.1*1012 atons/cn8 of iron.
21. The process as set forth in claim15 wherein the protective |ayer is
about 75 to about 125 limthick. 22. THe& process as set forth in claim 15
wherein the protective |layer is about 100 Jamthick. 23. The process as
set forth i clmaiof ﬁmkmtbimnt@@gﬂ@t@cyést@l Icazyetheoyeqot oflemehtdame

surface of the:L subs rate 4. The&{l S}é t forth |f n?é _ELS wherein
the struct urst S R QYT st %o‘cﬂ:t HB0E Fore gtC:F%% §*about 80
hours and is within about 3 cmto about WO 02/ 057518 PCT/ US01/ 50968 22 5
cmof the silicon single crystal or the pool of molten silicon during the
growth of the sil3%Ton %h@lg@@o@ﬁf%%t%ﬁ Se’Q5fOIl"Fﬂé Proekasmad4seheFsith in

claim 24 whenel %éﬂ%é&% FLe5fbof [enleiScocheelstl LhAMyELR,Or Oup

consi sting esse an an upper  hea eld, an
i nt er medi at ecd‘r@atstsm@ éissaqiti)a\myh@ﬁtaﬁ mdoﬂqeaﬂer rehfl epper, a | ower
heat shield outer reflector, a |ower _heat shield i nigl ati g | ayer,

Fd® 28%

upper i nsulRRIHF stpbete- ad HRteppedidhe ekt of iR eafh]éefﬂ:ocess
as setg fort@ﬂhﬁﬂ & i Zp EQFPé&%P?urCP&v%éfuﬁééﬂgsBlfﬁ@lS%éEék grow ng

apparatus wt | east sIx struc conponents selected fromthe group.
27. The procesSlestset #olower nhehini shPSldonpsisangoncobageruceiingeprhs

crystal grom‘ﬂ%ﬁﬁﬁpaéglg3p§é£ andlgg &pper insulation shield.

26. The process as set forth in claim 25 comprising
constructing the crystal growing apparatus with at least

gix structural components selected from the group.

27. The process as set forth in claim 25 comprising
constructing the crystal growing apparatus with at least

eight structural components selected from the group.

28. The process as set forth in claim 15 comprising
constructing the crystal growing apparatus such that all
the structural components which during the growth of the
crystal reach at least about 950°C for at least 80 hours

5 and are within about 3 cm to about 5 cm of the crystal or
a silicon melt comprise the substrate and the protective

layer.

29. The process as set forth in claim 15 wherein
the silicon single crystal ingot comprises a main body
that has an edge iron concentration less than that of a
reference silicon single crystal ingot pulled in a
5 reference growth chamber operated under identical

conditions and constructed of identical components except



ei ght structural conponents selected fromthe group. 28. The process as set
forth in claim15 conprising constructing the crystal grow ng apparatus
such t hatw@b?t/0575t8e structural conponents whi ch during thePgrosirsoeds t he
crystal reach at |east about 950C for at |east 80 hours 5 and are within
about 3 cmto about 5 cmof the crystal or a silicon nelt conprise the
substrate and the protective |ayer. 2923The process as set forth in claim
15 wherein the silicon single crystal ingot conprises a nain body that
has an edge hanoimg enosfiaranam dtessttuyrel tdempeient widfler@nce silicon

single crystal ingot pulled.in a 5 reference grqow appia isoper at ed under
i denti cal Egﬁ]&ietr&d??s&a% %bﬁﬁ%&reefto t iq:g'éaf{?i%a uh:cgfrrboneéus except WO
02/ 057518 PGHJ#)BQ968 23 having a reference structural conponent with a

concentration of iron greater than about 1.4*1015 atons/cnB8 . 30. The
process as set forth in claim26 wherein the silicon single crystal ingot

conprises a mai n fody rHdal-dassfedas iFQIconcentd ahi ph pedan about S
ppta. 31. The process as set forth in claim26 wherein the silicon single

crystal i ngdtheconiphices singdh Gomtal HRINasCAPEERRS | 3 IR LB rat i on
bel ow about 3, Apta, g z%nle:]—%et pfﬂ?r?%r?éer?ﬂai{n%z% g%éibxf'@bé‘&@% whesgin  the

silicon single cryst conprises a nmain b hat has an edge iron
concentration bel3w afthe prepess B3.sThelprideels @katet2$ ovhereinicl ai m 28

wherein th i1 i n Y, [N 1{1]5‘1?? & "ai h. pody 54 hat has
an edge ir oﬁ:}iéonécle%i\%%i%inf%% oc\'?vlI %étljlt gn(lﬁgp%?;@é ° ° od}
that has an edge iron concentration below about 3 ppta.

32. The process as set forth in claim 27 wherein
the silicon single crystal ingot comprises a main body

that has an edge iron concentration below about 1 ppta.

33. The process as set forth in claim 28 wherein
the silicon single crystal ingot comprises a main body

that has an edge iron concentration below about 1 ppta.



